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ABSTRACT 
The objective of this work was to study the kinetics of lipid oxidation catalyzed by bovine 
methemoglobin and to evaluate the effects of different experimental conditions and different 
antioxidants (EDTA, ascorbic acid, caffeic acid, α-tocopherol, δ-tocopherol, astaxanthin and 
L-ascorbic acid-6-palmitate) on the methemoglobin-mediated lipid oxidation in a marine 
phospholipid liposome model system. The oxygen uptake was used for monitoring lipid 
oxidation at pH 5.5 and 30 °C. 
The type of prooxidant and the concentration of both prooxidant and antioxidant (AOX) 
were found to be very important factors in the evaluation of the antioxidant activity in the 
liposome model system. Another important factors are the structure of the antioxidant 
molecule, its hydrophility/lipophility and its location in the system. All antioxidants, except 
0.1 % of astaxanthin and 0.1 % of ascorbyl palmitate, inhibited metHb-induced lipid 
oxidation in all tested concentrations of the AOX. The efficiency of the AOX increased with 
their increasing concentration. 0.1 % of astaxanthin had no effect on the oxidation of 
liposomes. 0.1 % of ascorbyl palmitate had a prooxidative effect which can be explained by 
the prooxidative action of ascorbyl radical, which could promote hydroperoxide scission. Free 
iron released from metHb contributed little to metHb-mediated lipid oxidation in liposomes, 
whereas part of the prooxidant activity of metHb was attributed to the formation of singlet 
oxygen (metHb as a photosensitizer). The antioxidative activity of astaxanthin, ascorbyl 
palmitate, and tocopherol can be partly attributed to their singlet oxygen quenching ability. 
However, the main prooxidative mechanisms of metHb are suggested to be decomposition of 
lipid hydroperoxides, generating free radicals, and formation of hypervalent forms of Hb. 
EDTA inhibited oxidation of liposomes by chelating transition metals in liposomes and 
chelating free iron from the metHb solution. The reduction of hypervalent forms of Hb seems 
to be a very important antioxidant mechanism and was found to be attributed to ascorbyl 
palmitate, ascorbic acid (AsA) and caffeic acid (CaA). AsA, CaA, tocopherols and 
astaxanthin inhibit metHb-mediated lipid oxidation by scavenging of lipid radicals. No 
significant effect of hydrogen peroxide on the oxidation of liposomes was observed. The 
oxidation was slightly inhibited due to thermal treatment of metHb solution. A significant 
inhibition of oxygen uptake rate was observed in liposomes containing TPP 
(triphenylphosphine), which suggests that the heme-mediated lipid oxidation in liposomes is 
dependent on the presence of pre-existing lipid peroxides. 
The outcomes of this work can be used for the study of oxidation of liposome solutions, 
cell membranes and oil-in-water emulsions stabilized by phospholipids; the results contribute 
to understanding the prooxidant and antioxidant mechanisms and factors that influence 
oxidation in these systems. 
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ABSTRAKT 
Cílem této práce bylo studium mechanismu oxidace lipidů katalyzované hovězím 
methemoglobinem a zhodnocení účinků různých experimentálních podmínek a antioxidantů 
(EDTA, askorbová kyselina, kávová kyselina, α-tokoferol, δ-tokoferol, astaxanthin a L-
askorbyl-6-palmitát) na methemoglobinem zprostředkovanou oxidaci lipidů v modelovém 
systému liposomů připravených z fosfolipidů. K monitorování oxidace lipidů při pH 5,5 
a teplotě 30 °C bylo použito spotřeby kyslíku. 
Pro zhodnocení antioxidační aktivity v modelovém systému liposomů se ukázaly být 
důležitými faktory typ prooxidantu a koncentrace prooxidantu a antioxidantu. Dalšími 
důležitými faktory jsou struktura molekuly antioxidantu, jeho hydrofilita/lipofilita a umístění 
v systému. Všechny testované antioxidanty ve všech koncentracích (kromě koncentrace 0.1 % 
astaxanthinu and 0.1 % askorbyl palmitátu) inhibovaly oxidaci vyvolanou methemoglobinem. 
Účinnost antioxidantu stoupala s jeho zvyšující se koncentrací. Koncentrace 0.1 % 
astaxanthinu neměla žádný vliv na oxidaci liposomů. Koncentrace 0.1 % askorbyl palmitátu 
měla prooxidační efekt, který lze vysvětlit prooxidačním působením radikálu askorbylu, který 
může urychlit štěpení hydroperoxidů. Volné železo uvolněné z methemoglobinu se podílelo 
jen velmi málo na oxidaci liposomů, zatímco část prooxidační aktivity methemoglobinu byla 
přisouzena tvorbě singletového kyslíku (methemoglobin jako fotosenzitizátor). Antioxidační 
aktivita astaxanthinu, askorbyl palmitátu a tokoferolu byla z části přisouzena schopnosti 
zhášet singletový kyslík. Ovšem hlavním prooxidačním mechanismem methemoglobinu se 
ukázal být rozklad lipidových hydroperoxidů, tvorba volných radikálů a hypervalentních 
forem hemoglobinu. EDTA utlumila oxidaci liposomů díky chelataci přechodných kovů 
obsažených v liposomech a chelataci volného železa přítomného v methemoglobinovém 
roztoku. Velmi důležitým antioxidačním mechanismem (který vykazují askorbyl palmitát, 
askorbová a kávová kyselina) se ukázala být redukce hypervalentních forem hemoglobinu. 
Askorbová kyselina, kávová kyselina, tokoferoly a astaxanthin inhibovaly methemoglobinem 
zprostředkovanou oxidaci lipidů odstraňováním volných radikálů. Při použití peroxidu vodíku 
nebyl pozorován žádný vliv na oxidaci liposomů vyvolanou methemoglobinem. Působení 
vysoké teploty (tepelná denaturace) mírně utlumilo oxidaci. Významná inhibice oxidace byla 
pozorována u liposomů obsahujících TPP (triphenylphosphin), což značí, že je 
methemoglobinem vyvolaná oxidace liposomů závislá na přítomnosti již vzniklých 
lipidových peroxidů. 
Výsledky této práce přispívají k hlubšímu pochopení prooxidačních a antioxidačních 
mechanismů a faktorů, které ovlivňují oxidaci liposomálních roztoků, buněčných membrán 
a emulzí typu olej ve vodě stabilizovaných fosfolipidy. 
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1 INTRODUCTION 
Marine phospholipids contain high amounts of n-3 polyunsaturated fatty acids (n-3 PUFA). 
Among these the most important ones are eicosapentaenoic acid (EPA, 20:5 n-3) and 
docosahexaenoic acid (DHA, 22:6 n-3) [1]. These fatty acids have beneficial health effects, 
such as reduced risk of coronary heart diseases [2] and of inflammatory diseases [3] and they 
are important for proper development and function of brain and retina [4]. 
Therefore there is a growing interest for incorporation of these fatty acids into food 
products, including meat products such as pates, meat minces and sausages. Marine 
phospholipids can also be used as a delivery system for drugs and in pharmacology [5]. 
Marine phospholipids are rich in PUFA, therefore they are susceptible to oxidation, which 
causes damage to biological systems, leads to undesirable flavour, rancid odour and loss of 
nutritional value in foods. Some oxidation products might even be toxic. 
The degree of n-3 PUFA degradation increases during processing of fish, because lipids 
are exposed to prooxidants such as transition metals, enzymes as well as to atmospheric 
oxygen [6]. 
Lipid oxidation therefore limits the use of marine phospholipids both in food products and 
as nutritional supplements. This highlights the need to get more knowledge about oxidation of 
marine phospholipids – to choose suitable processing and storage conditions for matrices 
containing marine phospholipids, especially when hemoglobin is present as a natural 
component in meat. 
Heme-proteins hemoglobin (Hb) and myoglobin (Mb) can act as promoters of lipid 
oxidation and can be responsible for the onset of lipid oxidation [7, 8]. Under certain 
conditions such as depletion of oxygen, pH decrease or intensely fluctuating oxygen supply in 
tissues, heme pigments may become catalytic [9]. Hemoglobin is naturally present in muscle 
foods, even after bleeding of muscle tissue [8]. It is therefore important to know how its 
activity can be influenced by different conditions and antioxidants in different model systems. 
Foods are multicomponent systems. To avoid complexicity of real food matrices and for 
clearer interpretation of experimental results, several different model systems can be used for 
lipid oxidation studies. These model systems simulate foods or biological systems. In these 
simplified models, different variables can be modified and controlled, therefore they provide 
good conditions for the study of lipid oxidation mechanisms, the effects of different 
prooxidants and antioxidants [7, 10]. Lipid oxidation can be prevented by addition of 
antioxidants, but their efficiency is dependent on the type of food system, the type and 
concentration of antioxidants and prooxidants [7]. 
Liposomes were chosen as the model system for oxidation studies. They are frequently 
used as a model system for the study of lipid peroxidation. Liposomes are microscopic 
structures containing one or more concentric lipid bilayers [11]. It is well known that the 
major site of oxidative damage to tissues is in the membrane systems of cells. The advantage 
of liposomes is that they provide oxidizable substrate containing LC-PUFA and also simulate 
biological membranes and food emulsions stabilized by phospholipids and they allow 
manipulation of lipid composition, pH, temperature and addition of various agents [12]. 
The two essential reactants in lipid oxidation are the unsaturated fatty acids and oxygen. 
A large number of different products are formed during lipid oxidation. These can be 
determined by different methods. Measuring oxidation is a challenge also because some of 
these products have low threshold value and have different stability. Therefore one solution 
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might be to determine the disappearance of reaction products as marker of lipid oxidation. As 
a method to study lipid oxidation, measurement of oxygen uptake using polarographic oxygen 
electrode was employed. It is a fast and simple method and allows determination of the lipid 
oxidation rate and is very useful for kinetic studies of lipid oxidation [7]. 
The aim of this work is to study the kinetics of lipid oxidation catalyzed by bovine 
methemoglobin and to evaluate the effects of different antioxidants (EDTA, ascorbic acid, 
caffeic acid, α-tocopherol, δ-tocopherol, astaxanthin, and ascorbyl palmitate) on the 
methemoglobin-mediated lipid oxidation in a marine phospholipid liposome model system at 
pH 5.5 and 30 °C. 
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2 THEORY 
2.1 Lipids 
Lipids are a large group of naturally occuring chemical compounds. In living organisms 
lipids are responsible for various functions: they are used as energy storage, some lipids work 
as signalling molecules and messengers in signal-transduction pathways (e. g. hormones) and 
as structural components in cell membranes (phospholipids) [13]. 
No strict definition of lipids exists. According to Gunstone [14] lipids are compounds 
which are based on fatty acids or closely related compounds such as the corresponding 
alcohols and the sphingosine bases. According to Kates [15] lipids are substances that are not 
soluble in water, but are soluble in organic solvents (e. g. benzene, ether, chloroform and 
acetone), their molecule contains long-chain hydrocarbon groups and they can be found in 
living organisms or are derived from living organisms.  
Classes of lipids include fatty acids and their derivatives, triacylglycerols, waxes, sterols, 
isoprenoids, phospholipids, glycolipids and sphingolipids [13]. 
Lipids can be classified into two groups: hydrophobic lipids (e. g. triacylglycerols) and 
amphiphilic lipids (e. g. phospholipids). Amphiphilic nature means that these lipids contain 
a hydrophilic part (a polar „head“) with affinity for water and a lipophilic part (a „tail“) with 
affinity for oil. Due to this amphiphilic nature they are able to form special structures such as 
liposomes and membranes in an aqueous environment [15]. This will be discussed later in 
sections 2.1.1 and 2.2.4.3. 
The key components of lipids are fatty acids. They are long hydrocarbon chains that are of 
varying length and can be either saturated or unsaturated. One end of the fatty acid molecule 
is a carboxylic acid group. The majority of plant and animal fatty acids are esterified to 
a glycerol molecule and triacylglycerol is the most common form of lipids [13]. 
There are about one thousand natural fatty acids known, but only 20 – 50 from these are of 
a common concern. Fatty acids have usually an even number of carbon atoms (mostly 12 – 22 
carbon atoms), are unbranched and monocarboxylic. The double bonds in unsaturated fatty 
acids are almost exclusively cis configuration. Fatty acids rarely have functional groups other 
than carboxyl group, however some contain functional groups such as fluoro-, hydroxy-, keto- 
or epoxygroup [1]. 
Fatty acid carbon atoms can be numbered starting from the carboxylic acid end. Carbon 
atoms number 2 and 3 are then called α and β, respectively. This numbering is used in the 
IUPAC system, where the position of a double bond is represented by the symbol ∆ (which 
indicates the position of the double bonds from the carboxyl group). The methyl carbon at the 
other end is called ω-carbon. Accordingly, the position of a double bond can be represented 
by the symbol ω (or n), which indicates the position of the double bond from the ω-carbon [1, 
16]. 
n-3 and n-6 polyunsaturated fatty acids (long-chain polyunsaturated fatty acids, LC-
PUFAs) belong to those fatty acids that are essential for human. Animals cannot make 
linoleic acid or α-linolenic acid for themselves, nor can they interconvert n-3 and n-6 fatty 
acids. These PUFA must be obtained from the diet – LC-PUFA present in the diet by eating 
fish and meat originally come from plants. Fish oils and some vegetable oils such as soybean, 
rapeseed and linseed oil are rich in long-chain PUFA [1]. Figure 1 shows some of the n-3 and 
n-6 fatty acids, the two at the top are essential fatty acids.  
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Figure 1: Examples of omega-6 and omega-3 polyunsaturated fatty acids [17] 
 
Several beneficial human health effects of n-3 fatty acids have been documented. Some of 
these physiological functions are influenced by n-3 fatty acids: growth and development of 
the central nervous system and retina, proper function of the cardiovascular system, 
prevention and treatment of some diseases such as cardiovascular disease (CVD), reduced 
risk for CVD (e. g. by influencing the blood pressure, thrombogenic mechanism). n-6 fatty 
acids are derived from linoleic acid, whereas n-3 fatty acids are derived from α-linolenic acid. 
Polyene acids are biosynthetized by combination of elongation and desaturation processes 
starting with an unsaturated acid. Figure 2 shows the spatial structure of some PUFAs [1]. 
 
     linoleic acid    α-linolenic acid 
 
                 docosahexaenoic acid    arachidonic acid 
 
Figure 2: Spatial arrangement of some PUFAs [12] 
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2.1.1 Phospholipids and membranes 
There are two major classes of phospholipids: glycerophospholipids and sphingomyelins 
(SM). The first group contains glycerol molecule as the backbone, the second contains 
sphingosine [18]. 
A phospholipid molecule is composed of four components: one or more fatty acids, a part 
to which the fatty acid is attached, a phosphate and an alcohol molecule that is attached to 
phosphate [13]. 
Describing phospholipids derived from glycerol (glycerophospholipids), one of the fatty 
acid chains is replaced by a phosphate group. So they are composed of glycerol, fatty acids, 
phosphate and an organic base or polyhydroxy compound. The phosphate is almost always 
joined to the sn-3 position of the glycerol molecule [18]. Figure 3 shows some common 
classes of phospholipids. 
Phospholipids, glycolipids and cholesterol are the major lipid classes in membranes [13].  
Although membranes are diverse both in their structure and in their function, they have 
several properties in common: membranes are structures that are only two molecules thick, 
they form boundaries between compartments, and they contain mainly proteins and lipids 
(with their mass ratio ranging from 4:1 to 1:4). Another part of membranes are carbohydrates 
– they are joined to proteins and lipids. Another property that membranes have in common is 
the presence of specific protein molecules which are responsible for special functions of the 
membrane – some of these proteins work as pumps, channels, enzymes or receptors. 
Membranes are dynamic and fluid structures [13]. 
Above a critical concentration (which is in the range of 10-5 – 10-10 mol/L) and in the 
presence of water, phospholipids form various macromolecular structures. The main structure 
is a bilayer, where the polar regions are oriented towards the aqueous phase and the 
hydrophobic regions are “isolated” from the water environment. Sphingomyelins (SM) and 
phosphatidylcholine (PC) form primarily bilayers, but other phospholipids can form a variety 
of other structures. 
Membrane degradation can occur in animals and plants after slaughter and harvest and this 
is probably a factor responsible for quality deterioration of animal and plant tissues. In food 
tissues there are two main pathways of this breakdown: free radical lipid oxidation and loss of 
plasma and organelle membrane integrity. Some of the effects and changes of the lipid 
peroxidation in membranes are uncoupling of oxidative phosphorylation in mitochondria, 
inactivation of membrane-bound enzymes, increased permeability and others [18]. 
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Figure 3: Types of glycerophospholipids [19] 
 
2.1.2 Marine phospholipids 
Marine phospholipids contain high amounts of n-3 PUFA. The most important are 
eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) [1]. It has 
been observed that n-3 fatty acids in phospholipids are more easily obtainable for catabolic 
processes than n-3 fatty acids present in triacylglycerols [5]. This is the reason for the 
growing interest for marine phospholipids containing n-3 PUFA themselves and for 
incorporating fats rich in n-3 PUFA into food products.  
Fish muscle is not the only raw material rich in marine phospholipids. Other important 
sources are fish roe and Antarctic krill (Euphausia superba). Following are examples of lipid 
composition of Antarctic krill and fish roe. In a study of Pond et al. [20] Antarctic krill (at 
South Georgia, southern Atlantic ocean) contained between 12.5 and 0.7 % lipids (of the wet 
mass) and phosphatidylcholine made up around 38 – 14 % of the total lipids. There was 
a large variability in the lipid content and composition. There were differences among female, 
male and immature krill and also differences due to catching area (site differences). 
According to Phleger et al. [21] the polar lipid content made up 56 – 81 % of the total lipids 
in Antarctic krill from Elephant Island region. In the study of Kaitaranta and Ackman [22] 
lipids comprised 9.2 – 2.4 % of the roe weight. The major lipids in the mature roe of Baltic 
herring and roach were polar lipids that made up to 90 – 75 % of the total lipids. 
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Phospholipids in cod roe and milt constitute around 70 % of the total lipid fraction [23]. 
Phospholipids are used as emulsifiers in food, because of their emulsification properties. 
The most widely known is lecithin from egg yolk and soybean oil. Marine phospholipids can 
also be used for this purpose, but as they contain high amount of polyunsaturated fatty acids, 
they are susceptible to oxidation, which causes damage to the biological and food system and 
reduces the quality of food. Some of the effects caused to membranes by oxidation are 
mentioned above in section 2.1.1. It also leads to formation of off-flavours and loss of 
antioxidant compounds. In addition, some of the oxidation products were found to be toxic. 
Because of all these drawbacks utilization of marine phospholipids as a part of processed 
foods and as nutritional supplement is limited. Therefore it is necessary to get deeper 
understanding about phospholipid oxidation [1]. 
2.2  Lipid oxidation 
Lipid oxidation, one of the major causes of quality deterioration in food systems, is 
a general term that describes a sequence of chemical reactions between unsaturated fatty acids 
and reactive oxygen species (ROS) [24, 25]. 
Lipid oxidation negatively affects flavour, colour and texture; it destroys essential fatty 
acids and causes an overall decrease in nutritional quality of foods. Oxidation also reduces 
shelf-life and may produce toxic compounds [7]. 
Reactive oxygen species is a term used for a group of oxygen radicals and nonradical 
oxygen derivatives. Superoxide anion radical (O2•-), hydroxy radical (OH•), peroxy radical 
(ROO•), alkoxy radical (RO•) and hydroperoxy radical (HOO•) are the oxygen radicals, 
whereas hydrogen peroxide (H2O2), ozone (O3) and singlet oxygen (1O2) belong to the 
nonradical oxygen derivatives [25].  
Reactive oxygen species can be formed enzymatically, chemically, photochemically, by 
irradiation of food and also by decomposition of ROS and by inter-reactions of ROS. The 
most reactive ROS is hydroxy radical followed by singlet oxygen. Lipid oxidation by ROS 
results in formation of low-molecular-weight volatile compounds such as aldehydes, ketones, 
alcohols and hydrocarbons. Some vitamines are easily oxidized by ROS (especially by singlet 
oxygen) [25]. 
Lipid oxidation can take place in three different pathways: 
a) enzymatic oxidation 
b) nonenzymatic chain autoxidation with free radicals 
c) nonenzymatic photosensitized oxidation (without free radicals). 
2.2.1 Enzyme-initiated lipid oxidation 
Endogenous enzymes liberated from the tissue itself can be a source of initiating species 
(lipid hydroperoxides). Kanner and Kinsella [26] have shown that tissue peroxidase was able 
to initiate lipid peroxidation. Lipoxygenase, an iron containing enzyme, from various animal 
tissues catalyzes the inset of oxygen (3O2) into unsaturated fatty acid resulting in formation of 
reactive hydroperoxides. Lipoxygenase has been found to be present in skin [27], gills [28] 
and muscle [29] of various fish. 
The action of lipoxygenase involves oxidation of fatty acids with a 1-cis, 4-cis pentadiene 
system, abstraction of hydrogen on methyl group, formation of a conjugated diene, 
consumption of oxygen, reduction of peroxy radical and addition of a proton before the lipid 
hydroperoxide leaves the active site. For initiation of lipid oxidation by lipoxygenase-like 
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system the enzymes have to be activated by previously formed hydroperoxides and fatty acids 
have to be in their free form [30, 31].  
2.2.2 Autoxidation 
Autoxidation is a free radical chain reaction. It includes initiation, propagation and 
termination phases. 
Triplet oxygen (3O2) is involved in autoxidation. It is the most stable and abundant form of 
oxygen; it is the oxygen found in air. Triplet oxygen has got two unpaired electrons. It is 
a diradical and cannot react with food components, unless these food components are radical 
compounds. It means that direct oxidation of unsaturated fatty acid (which are in their 
nonradical singlet states) in lipids by this low-energy ground state oxygen is not possible; this 
reaction is spin-forbidden. Autoxidation requires radical form of fatty acids or acylglycerols. 
[32]. 
The spin restriction can be overcome in several ways, allowing the ground state oxygen to 
react with lipids and other biological substrates. Examples of the possible initiators are: 
singlet oxygen, superoxide radical, hydroxy radical, ferryl and perferryl radical, ferrous-
dioxygen-ferric complex [30].  
During initiation, a hydrogen atom is removed from the fatty acid or acylglycerol to form 
a lipid alkyl radical. This radical formation can be accelerated by heat, metal catalysts and 
ultraviolet and visible light [32].  
Initiation: 
  RH R H→ ⋅ + ⋅  
Propagation:  
3
2R O ROO⋅ + → ⋅  
  ROO RH ROOH R⋅ + → + ⋅  
Termination: 
 ROO R ROOR⋅ + ⋅ →  
R R RR⋅ + ⋅ →  
 
In the propagation step the lipid alkyl radical reacts with triplet oxygen to form lipid 
peroxy radical. The lipid peroxy radical abstracts hydrogen from another lipid molecule 
forming hydroperoxide and another lipid alkyl radical. These radicals catalyze the oxidation 
reaction. The autoxidation is called a free radical chain reaction.  
In the termination step radicals react with each other to form nonradical species.  
Hydroperoxides are the primary oxidation products. They are relatively stable, but in the 
presence of metals or at high temperatures they are decomposed to alkoxy and hydroxy 
radicals (the homolytic cleavage of the oxygen-oxygen bond is the major pathway of 
hydroperoxide decomposition). Alkoxy radical formed from hydroperoxide is then 
decomposed by homolytic β-scission of carbon-carbon bond. Two oxo compounds are 
formed: alkyl and alkenyl radical. The homolytic β-scission is an important reaction in which 
volatile compounds are produced during oxidation. Then secondary oxidation products are 
formed: aldehydes, ketones, alcohols, acids, esters and short-chain hydrocarbons [32]. Several 
secondary products can react further – e. g. with protein amino groups, giving tertiary 
products called Schiff´s bases. Proteins can be reactants in other reactions – they can react 
with oxygen or lipid radicals, yielding cross-linked proteins or protein-lipid complexes. One 
of the consequences can be reduced solubility of proteins [7].  
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2.2.3 Photosensitized oxidation 
Photosensitized oxidation is a type of oxidation initiation (as will be explained later in this 
section). This type of oxidation is accelerated by light in the presence of sensitizer such as 
chlorophylls, pheophytins, heme proteins, riboflavin. 
A sensitizer in its singlet state (1S) absorbs energy from light and becomes excited. Excited 
singlet sensitizer (1S*) can return to its ground state via emission of light (where fluorescence 
is produced), internal conversion (heat is produced) or intersystem crossing. The last action 
results in the formation of excited triplet state of the sensitizer (3S*). The excited triplet state 
of the sensitizer can abstract a hydrogen atom from a substrate or donate an electron to 
a substrate. This substrate may be a fatty acid or a phenol compound. This is Type I sensitizer. 
Type II sensitizers in their triplet state can transfer their energy to low-energy triplet oxygen 
to form superoxide anion or singlet oxygen. Superoxide anion produces hydrogen peroxide by 
a spontaneous dismutation and reaction of hydrogen peroxide with superoxide anion results in 
the formation of singlet oxygen (Haber-Weiss reaction). The Haber-Weiss reaction occurs in 
the presence of transition metals, e. g. iron and copper. The sensitizer returns to its ground 
single state. 
Formation of the excited triplet state of sensitizer: 
1 31 * *h ISCS S Sν→ →
 
Type I sensitizer:  
3 * 1S LH L H S+ → ⋅+ ⋅+  
Type II sensitizer: 
3 * 3 1 1
2 2S O O S+ → +  
3 * 3 1
2 2S O O S
− •++ → ⋅ +  
 
Dismutation: 
2 2 2 2 2
dismutationO O H O O− −⋅ + ⋅ → +  
   
Haber-Weiss reaction: 
1
2 2 2 2
Haber WeissH O O OH OH O−− −+ ⋅ → ⋅ + +  
 
The shift from Type I to Type II reaction or vice versa is dependent on the oxygen 
concentration and types and concentration of compounds present in the system. The shift 
between Type I and Type II reactions is dependent on oxygen concentration and types and 
concentrations of compounds present in the (food) system [18]. 
Readily oxidizable compounds such as phenols favor reaction of Type I sensitizer. 
More than 99 % of the reaction between triplet sensitizer and triplet oxygen results in 
formation of singlet oxygen. Sensitizers may produce 103 – 105 molecules of singlet oxygen 
before they become inactive [33]. 
The rate of Type II pathway is dependent mainly on solubility and concentration of oxygen 
in the food system. When all the oxygen is used up the reaction shifts from Type II to Type I 
[18].  
Singlet oxygen is electrophilic and can react directly with double bonds with high electron 
density. Subsequently hydroperoxides are formed and can be decomposed by the same 
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mechanism as hydroperoxides formed by triplet oxygen in autoxidation. The radicals formed 
in the decomposition of hydroperoxides can initiate autoxidation (with 3O2) [32]. 
Singlet oxygen is able to rapidly increase the oxidation rate of foods even at very low 
temperatures [34]. 
Therefore, it can be concluded that photosensitized oxidation is a type of oxidation 
initiation. Singlet oxygen is suggested to be involved in the initiation of lipid oxidation, 
because the nonradical and electrophilic singlet oxygen can directly react with double bonds 
of food components without the formation of free radicals. The rate of singlet oxygen 
oxidation is much greater than that of triplet oxygen oxidation [18].  
Photosensitization is an important mechanism for the formation of singlet oxygen. 
However, singlet oxygen can be also formed chemically and enzymatically, see Figure 4 [18]. 
 
Figure 4: Singlet oxygen formation by biological, chemical and photochemical methods 
[25] 
 
2.2.4 Model systems in oxidation studies 
Foods are multicomponent systems, where the interface is a crucial site – oxygen diffuses 
inside with different rates and interacts with unsaturated lipids, metal initiators and other 
components. 
For lipid oxidation studies several different model systems have been used. These model 
systems simulate foods or biological systems, but are simplified versions of these. The 
oxidation substrate, the surrounding environment and storage conditions should be as similar 
to the real system as possible. However, results obtained with a model system should be 
interpreted carefully and conclusions should be confirmed in real food systems. The results 
might be misleading, because model systems are simplified systems and might oversimplify 
the real interfacial interactions of the food components. On the other hand, model systems 
should be simple enough to let scientists draw clear conclusions. 
Real food systems, such as meat minces, tissue homogenates, mayonnaise, are natural 
model systems. However, they are very complex systems and it is not advisable to use them 
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for the study of influence of different factors on lipid oxidation in foods. On the other hand, 
these systems are suitable for the study of antioxidant utilization. 
The following model systems have been used in marine research for the study of lipid 
oxidation:  
• bulk fish oils,  
• emulsions,  
• isolated membrane (bilayer) structures such as microsomes and marine 
phospholipid liposomes, 
• minced fish, 
• washed minced fish [7, 10] 
2.2.4.1 Emulsions 
Oil-in-water (o/w) emulsions are widely used as model systems representing food systems 
with water and lipids. However they are not very good models for fish muscle.  
In oil-in-water emulsions oil droplets are dispersed in continuous aqueous phase. 
Oil-in-water emulsions consist of buffer that is emulsified in oil with the help of surfactans 
such as SDS or Tween or with more complex emulsifiers such as whey protein or sodium 
caseinate. 
In studies in oil-in-water emulsions the effect of emulsifier is important, but also the effect 
of the interaction between emulsifier and antioxidants has to be investigated. The emulsifier is 
important for the efficiency of an antioxidant, because antioxidants partition in the interface 
and may react with the emulsifier [7]. 
2.2.4.2 Washed fish mince 
This model system is very useful and has been used in fish muscle research. It is a matrix 
with the structure of muscle – it has got intact myofibrillar proteins and membranes, but has 
no endogenous triacylglycerols, prooxidants and antioxidants. Washing process removes 
aqueous antioxidants and pro-oxidants. These compounds can be added to the model system 
in known and controlled amounts (often in physiological levels) and their influence on lipid 
oxidation under different conditions (e. g. pH, moisture) can be studied [7, 35].  
White muscle from cod has been used in most trials, because it contains low levels of both 
lipids and catalysts. Cod muscle has low mitochondria content. Mitochondria are sources of 
reactive oxygen species which could disturb lipid oxidation reactions [7, 35]. 
2.2.4.3 Liposomes 
 In general, lipids can adopt different macroscopic structures on hydration – e. g. micellar, 
hexagonal or bilayer. 
Liposomes are microscopic structures containing one or more concentric lipid bilayers. 
And polar lipids (phospholipids) as amphiphilic molecules, are able to form such bilayer 
structures (Figure 5). They may even form these structures spontaneously when in contact 
with excess water. These structures have dimensions of several hundred angstroms (Å) to 
fractions of a millimeter. Liposomes can consist of one or more lipid lamellae depending on 
the preparation procedure. The preparation method used also influences the encapsulation 
efficiency, captured volume, particle size and size heterogeneity. Properties of liposomes are 
also influenced by the chemical composition of the lipids and liposomes containing 
cholesterol are more stable for longer storage periods [11]. 
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Figure 5: A phospholipid molecule and structure of liposome [36] 
 
Liposomes have been used extensively as model membranes. It is possible to entrap 
various solutes into them during formation of liposomes. Liposomes containing protein 
components have been used in the study of lipid-protein interaction in biological membranes. 
Liposomes can also be used as carriers of drugs and macromolecules in vivo [37]. 
Liposomes made from marine phospholipids have a high potential as an oral supplement 
for PUFA. 
Hydrophilic and/or hydrophobic substances are protected inside liposomes made by 
encapsulation. In a concept of liposomes as an oral dosage form, liposomes protect the 
substances from digestive degradation and they can also improve absorption of weakly 
absorbed drugs in the gastrointestinal tract [37, 38]. 
Liposomes can also be used as a model system to study lipid peroxidation. The advantages 
of their use are given in the Introduction to the thesis. It is well known that the major site of 
oxidative damage to tissues is in the membrane systems of cells. The use of liposomes in the 
study of lipid peroxidation has several advantages: there is no complication of a possible 
interference of other cell components; free radicals can be studied in the absence of a 
chemical free radical generating system; it is possible to handle the lipid composition, 
manipulate pH, temperature and add various components [11].  
Concretely, liposomes can be used for study of effects of metals in lipid oxidation, 
oxidative interaction of hemoglobin and cell membrane and effects of different antioxidants. 
Marine phospholipids can be used for the study of oxidation of fish meat, because it has been 
found that phospholipids of cell membranes make up most of the lipids present in fish lean 
muscle [7, 10].  
2.2.5 Physical and chemical factors affecting lipid oxidation 
Food systems are complex matrices. In food systems, lipids are dispersed in heterogenous 
environments – e. g. muscle tissue or emulsions. Susceptibility to oxidation is therefore 
influenced by many factors such as the form of lipids in the food system and interaction of 
lipids with other components. These components might be antioxidants and prooxidants. 
There is often greater focus on antioxidants than on pro-oxidants. However pro-oxidants are 
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also an issue of a great importance. Temperature, light, metals, metalloproteins, enzymes and 
microorganisms are catalytic systems that can oxidize food lipids. These reactions involve 
free radicals and/or oxygen species [39].  
When lipids with polyunsaturated fatty acids are present in the form of bilayers, the lipid 
oxidation occurs to a greater extent. 
In some organelles (such as mitochondria), Fe(III)-ADP and NADH play a pivotal role for 
enzyme-catalyzed lipid oxidation by oxygen free radical generation [39].  
2.2.5.1 Metals 
Lipids in food systems naturally contain trace amounts of metals. Heavy metals, especially 
those that have two or more valency states, are able to promote lipid oxidation. Among these 
metals are for example: Fe, Cu, Ni, Zn, Cr, Al. By an electron transfer these metals can 
change their state between the oxidized and reduced form. This process catalyzes the 
breakdown of peroxides. 
Iron is probably the most important for lipid oxidation. The mechanisms by which iron 
promotes lipid oxidation is described in section 2.3.2. Iron is commonly present in food – it 
can be added with some food ingredients such as impurities in salts. Crude oils contain 
transition metals such as iron and copper, but refining process reduces their contents [32]. 
Muscle foods contain high amounts of iron. More than 95 % of iron in muscle is bound to 
protein – as ferritin, myoglobin and hemoglobin. Iron can be released from ferritin and non-
enzymatic oxygen activation occurs via Haber-Weiss reaction [39].  
Iron is an essential chemical element for humans. It plays role in oxygen transport, 
respiration and is a part of some enzymes [13].  
Due to iron deficiency some foods (e.g. bread, breakfast cereals) have been fortified with 
iron to prevent this common nutritional deficiency [40]. However this may entail a difficulty 
– iron in these matrices can cause oxidation of lipids, rancidity, and another negative changes. 
Transition metals reduce activation energy of the initiation step in autoxidation therefore 
metals increase the rate of oxidation. Metals are able to react directly with unsaturated lipids 
to produce lipid alkyl radicals, but this reaction occurs slowly. That is why this reaction is not 
believed to be important in lipid oxidation promotion. Metals also produce reactive oxygen 
species such as singlet oxygen and hydroxy radical [41]. Metal-catalyzed decomposition of 
pre-formed lipid hydroperoxides is a very important initiator in lipid oxidation. 
Decomposition of lipid hydroperoxides produces radicals that are able to initiate further 
oxidation, but also leads to formation of secondary oxidation products which cause off-
flavour [32].  
2.2.5.2 Moisture content 
There is a relationship between moisture content and lipid oxidation rate. For prediction of 
stability against oxidation the following factors have to be taken into account: water activity, 
moisture composition and the state of water. Water is a medium which dissolves hydrophilic 
antioxidants and pro-oxidants (e. g. metals). Generally, if water is removed from a food 
system, lipid oxidation decreases. This is because of lower mobility of reactants such as 
transition metals and oxygen. Water activity of food is a physical state that protects lipids 
from oxidation deterioration by a type of microencapsulation. Proteins and polysaccharides 
undergo glass transitions giving this protection. In some foods, removal of water will lead to 
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increase in lipid oxidation. The reason is probably the loss of a protective water solvation 
layer surrounding lipid hydroperoxides [16, 39]. 
2.2.5.3 Emulsifiers 
There are two groups of emulsifiers – macromolecules such as proteins and the second 
group consists of small amphiphilic molecules such as phospholipids, free fatty acids, 
monoacylglycerols, diacyglycerols and surfactants. 
Proteins are absorbed to the oil droplets´ surface, they facilitate the formation of oil/water 
droplets and they increase the stability of the emulsion. They act by lowering the surface 
tension. They prevent fusion of the droplets.   
Emulsifiers may affect the oxidative stability via their surface charge - positively charged 
droplets may repel positively charged metal ions which results in decrease of oxidation. In 
contrast, if the surface charge is negative, the metal ions will be attracted to the surface. It is 
believed that lipid oxidation is initiated on the oil-water interface. Here, if the metal ions are 
attracted to the interface, the water soluble metal ions can come in contact with less polar 
lipid hydroperoxides. Therefore the ability of metal ions to promote oxidation is high. The 
surface charge can be influenced by pH. As for proteins, they give positive or negative charge 
to the droplets when the pH is below or above their isoelectric point (pI), respectively. 
Actually all the droplets will either have a positive or negative charge, so they will repel each 
other and they themselves will contribute to the stability of the emulsion by preventing the 
coalescence [7].  
The oxidation rate of an emulsion can also be influenced by the amino acid composition of 
protein, because the amino acid composition affects its antioxidative activity [42]. 
Some emulsifiers have the ability to chelate metals or have free radical properties, which 
inhibits the oxidation reaction [7]. 
2.2.5.4 Proteins 
Polypeptides are susceptible to an attack by free radicals and therefore polypeptides are 
susceptible to oxidation. Some proteins can be directly affected by free radicals while others 
can be affected secondarily by these reactions. Oxidation reactions are responsible for 
changes in functionality of some proteins, protein solubility and distribution of water in 
muscle foods. In addition to lipid oxidation it is important to prevent protein oxidation as well 
to keep high nutritional and sensory quality of food. Little is known about protein oxidation 
compared to lipid oxidation and the products and off-flavour formed [7, 39]. 
2.2.5.5 pH 
pH plays a crucial role in the process of lipid oxidation. pH affects solubility, reactivity, 
interactions and partitioning of many compounds that are parts of the food system both for 
lipid oxidation and antioxidant reactions [7]. 
As already mentioned in part 2.1.3.3., pH influences the surface charge of emulsion 
droplets with protein emulsifiers (and thereby the interaction with metal ions). 
pH also influences the rate of lipid oxidation caused by hemoglobin (Hb) [43]. Binding of 
oxygen by acidic hemoglobins is dependent on pH [44]. Formation of methemoglobin by 
autoxidation of ferrous oxyhemoglobin was found to occur more rapidly at reduced pH [45]. 
Acidic pH enhances hemoglobin subunit formation as compared to higher pH. Hb subunits 
undergo autoxidation more rapidly than tetramers [46].  
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Metal ions are more soluble at low pH than at high pH. According to this fact, lipid 
oxidation is promoted at low pH. Mozuraityte [10] studied lipid oxidation of marine 
phospholipid liposomes induced by ferric/ferrous ions and found that the oxygen uptake rate 
was dependent on pH with a maximum at pH 4 – 5. The influence of pH was explained by 
iron availability and changes in Zeta potential. 
However in complex food systems different factors may be influenced by pH in a different 
way than when they are present alone [7].  
2.2.5.6 Temperature 
Generally, increased temperature leads to increased reaction between molecular oxygen 
and food lipids. Therefore, food (including muscle foods) should be stored at refrigeration or 
freezer temperatures. But lower temperatures may not always ensure reduced susceptibility to 
lipid oxidation, because the amount of dissolved oxygen is higher at low temperatures [46]. 
If singlet oxygen is involved in oxidation, it rapidly increases the rate of oxidation of foods 
even at very low temperatures [18]. 
Cooking causes dramatic increase in lipid oxidation in muscle. During the cooking process 
cellular compartments are broken, lipids in membranes become exposed to prooxidants, 
antioxidants are degraded, volatilize, and antioxidant enzymes become thermally inactivated 
through denaturation. On the other hand, relatively higher temperatures favor the formation of 
Maillard products, which have antioxidant properties and can retard lipid oxidation [30, 39].  
2.3 Prooxidants 
2.3.1 Hemoglobin 
A brief introduction for the role of hemoglobin as a promoter of lipid oxidation is given in 
the Introduction to the thesis (section 1) and its role as a photosensitizer is mentioned in 
section 2.2.3. 
Heme pigments (hemoglobin and myoglobin) are responsible for the colour of meat. 
Hemoglobin (Hb), the main pigment of red blood cells, is an iron-containing metalloprotein. 
Hb consists of four polypeptide chains (globins) with each chain containing one heme group. 
Heme is a chromophore component responsible for light absorbtion and colour. Heme group 
consists of a porphyrin ring with a central iron atom. The porphyrine ring is formed by four 
pyrrole rings joined together and linked to the iron atom (see Figure 6). The central iron atom 
possesses six coordination sites, four of which are occupied by the nitrogen atoms within the 
tetrapyrrole ring. The fifth coordination site is bound by the histidine residue of globin; the 
sixth site is available to complex with electronegative atoms donated by various ligands. Hb 
forms reversible complexes with oxygen in lungs; the heme group is responsible for binding 
molecular oxygen. This complex is then distributed via the blood to various tissues 
throughout the body where oxygen is absorbed [16]. 
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Figure 6: Model of hemoglobin and the structure of heme-group [47] 
 
The heme iron within the porphyrin ring may exist in several forms (more of them are 
described in section 2.3.1.1): 
In the reduced form (Fe2+), oxygen molecule can be bound to iron. This binding is 
stabilized by hydrogen bonds to the distal histidine. When molecular oxygen binds to Hb, 
oxyhemoglobin is formed (red HbO2) and this process is called oxygenation. Another 
situation occurs at low pH or at low oxygen tension - oxygen is not bound (blue 
deoxyhemoglobin) [13]. 
When oxidation of Hb occurs, the iron atom is converted to its oxidized state (Fe3+), 
forming methemoglobin (brown colour). Methemoglobin is not able to bind oxygen [8]. 
2.3.1.1 Heme-iron catalysis 
Hemoglobin can be found in raw fish material and in a variety of seafood products. 
Considering meat, a post mortem system, which is different from a living tissue, the 
metabolism gradually changes after death, when muscles are no longer supplied with oxygen. 
As the oxidative metabolism changes to glycolitic metabolism, lactic acid is accumulated in 
the muscle, which results in a pH drop – from 7.4 to approximately 6.0 – 5.5. Furthermore, 
the compartmentalisation of the muscle is destroyed, which comprises the processes such as 
protein denaturation and potential reactants are mixed [12, 48]. 
Under conditions such as depletion of oxygen, pH decrease or fluctuating oxygen supply in 
tissues, heme pigments may become catalytic. Similar changes occur during the conversion of 
muscles to meat [9]. Values of pH below neutrality are typical for post mortem muscle 
systems. Therefore knowledge about the effect of pH below neutrality is important for 
understanding lipid oxidation in post mortem meat and fish [45]. 
Several studies have reported that Hb is an effective promoter of lipid oxidation [8, 35, 49-
52]. Nowadays it is believed that Hb is the major catalyst (possibly with Mb) of lipid 
oxidation in fish. Hb might be responsible for the different rates of lipid oxidation between 
lean and dark-muscle fish (dark-muscle fish contain higher amounts of hemoglobin than lean 
fish) [51, 53]. 
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There are several potential mechanisms by which Hb can promote lipid oxidation: 
Hemoglobin can act as a photosensitizer, because it possesses the ability to absorb energy 
from light. This energy is then transferred to triplet oxygen to form singlet oxygen, which can 
then react with fatty acids, thus initiating lipid oxidation [54]. 
In autoxidation, process in which Hb is converted to metHb, hydroperoxy radical (HOO•) 
or superoxide anion radical (O2•-) is liberated. These two radicals can be readily converted to 
H2O2, which promotes the lipid-oxidation ability of Hb, because the reaction of metHb with 
H2O2 causes formation of hypervalent iron species (perferrylhemoglobin and 
ferrylhemoglobin). Perferrylhemoglobin rapidly transforms to ferryl hemoglobin, which is an 
initiator of lipid oxidation [55]. Besides H2O2, hemoglobins have the ability to decompose 
other strong oxidizing agents - preformed lipid hydroperoxides. The reaction of metHb with 
peroxides also yields ferrylhemoglobin (Fe4+=O), more precisely ferryl heme protein radical. 
This ferrylhemoglobin is also known as the activated metHb. Although this ferryl radical has 
a short half-life, it is able to abstract a proton from a lipid (LH), leaving lipid alkyl radical L•, 
which can form lipid peroxy radical LOO• in the presence of oxygen. This radical can react 
with another lipid molecule, which causes further oxidation – a free radical circle is formed. It 
is important to say that, more precisely, it is actually the transition metal associated with 
proteins which can promote hydroperoxide decomposition [16, 18, 55]. 
The prooxidative activity of Hb is highly dependent on pH. Lipid oxidation is accelerated 
by pH reduction probably because the autoxidation of Hb is enhanced at reduced pH [56]. At 
low pH (2.5 – 3.5), the more unfolded the Hb is the more exposed is its heme group, which 
increases its prooxidative activity [57]. On the other hand, autoxidation reaction is reduced at 
an alkaline pH, because interactions with distal histidine become stronger; the conformation 
of Hb is more stable at high pH [58]. The enhanced autoxidation at low pH can be partly 
explained by the increased dissociation of the tetramer to dimers (for mammalian 
hemoglobins [56]) and probably full dissociaton to monomers (for fish hemoglobins [59]). 
The dissociated form of Hb is more prooxidative and it is more likely to lose its heme [60]. 
Many fish species contain multiple Hb components – acidic and basic hemoglobins. Binding 
of oxygen by acidic hemoglobins is dependet on pH, whereas basic hemoglobins bind oxygen 
independent of pH. Deoxygenation of acidic Hb is favored at low pH, which could promote 
lipid oxidation via acceleration of Hb autoxidation [44]. Some hemoglobins (e. g. trout Hb) 
are known to have exaggerated Bohr effects. The Bohr effect is explained as an increase in 
deoxyHb content due to decreasing pH. Relatively minimal Bohr effects occur in mammalian 
hemoglobins [59, 61]. Thus, typically, low deoxyHb content is associated with low 
autoxidation rate. However, Richards and Dettman found that the autoxidation rate of perch 
Hb was more rapid than trout Hb, although perch Hb had low deoxyHb content. Perch Hb was 
a better catalyst of lipid oxidation than trout Hb in washed cod muscle. This indicates that 
autoxidation rate is not always higher with increasing deoxyHb content and that the heme 
crevice characteristics have to be considered [62]. The crevice and its heme are hydrophobic 
and are thought to play a major role in aggregation of Hb [57]. This suggests a mechanism 
other than deoxyHb-mediated metHb formation and that autoxidation might not be dependent 
only on the O2 affinity. Using various Mb mutants it has been found that decreasing the size 
of amino acid residues near the heme crevice facilitates the access of ligands (e. g. H2O; 
coordinated H2O in the heme crevice is a reactant in Hb autoxidation) to the heme crevice and 
promotes autoxidation [63, 64]. 
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Thermal denaturation of these proteins can increase their prooxidative activity 
presumambly by increased exposure of the heme iron that is able to more effectively interact 
with hydroperoxides. Denaturation of Mb is one of the factors that accelerate lipid oxidation 
in cooked meats, a problem known as warmed-over flavor [16]. 
Not only metHb, but also deoxyHb, heme and hemin are able to break down preformed 
lipid hydroperoxides forming lipid radicals. Alternatively, displaced hemin or released iron 
can promote lipid oxidation. Iron can be released from hemoglobin (e. g. during storage). 
Therefore it is difficult to find whether the released iron, dissociated heme or the intact heme 
protein is responsible for lipid oxidation. The difficulty is that the heme protein autoxidation, 
heme dissociation, heme destruction and iron release can all take place in a very short period 
of time and simultaneously [8, 65, 66]. 
The following physical and chemical properties have to be taken into account when 
evaluating the prooxidative role of the heme protein: oxygen affinity, subunit formation, 
autoxidation rate, heme afinity and heme destruction [35, 67]. In their comparative analysis of 
different hemoglobins [62] Richards and Dettmann conclude that among other factors, their 
study suggests that rates of lipid oxidation in various muscle foods may be dependent on the 
relative ability of Hb from different animal species to promote lipid oxidation. 
 
Heme-iron catalysis potentially comprises both one-electron and two-electron transfer 
processes. Heme pigments may leak iron, which can be transformed to simpler iron species 
that may bind to the negatively charged phospholipids and catalyze (e. g. Fenton-type) 
reactions in membranes [68]. In solution, heme is mainly found as hematin. Heme, hemin, 
and hematin are used interchangeably to express the presence of non-protein bound heme-iron 
(or “free heme-iron”). Hemin is a form that readily transforms into hematin in aqueous 
solution [12]. 
In the Fenton-like mechanism of catalysis, a hydroxyl radical (or in the case of LOOH 
reduction LO• radical), is formed in the first reaction of the cycle, see Figure 7. This reaction 
is thermodynamically favorable. As the second reaction of the catalytic cycle, the reduction of 
heme-Fe(III) by H2O2 is proposed. This reaction is slower than the first one. There can be 
other reductants than H2O2 (e. g. ascorbate). The catalysis through the Fenton-like mechanism 
is influenced by the high oxygen affinity of Mb and Hb, which leads to rapid oxygenation of 
Mb-Fe(II) and Hb-Fe(II) at normal physiological oxygen concentrations. Therefore 
deoxyheme-Fe(II) proteins available for the Fenton-like reactions is dependent on the rate 
constant of oxygen dissociation of the heme-Fe(II)O2 protein [69]. 
 
Figure 7: Proposed mechanism of heme-Fe(II)/heme-Fe(III) catalysis (a Fenton-like 
mechanism) [12] 
 
Heme-Fe(III)/heme-Fe(IV) mechanism: Oxidation of heme-Fe(III) to iron species with 
higher oxidation states (hypervalent species) is known to occur in reaction with peroxides. 
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Hypervalent forms of Hb and Mb have characteristic visible absorption spectra [70]. As can 
be seen in Figure 8, one-electron transfer takes place between heme-Fe(III) and LOOH. 
 
 
Figure 8: Proposed mechanism of heme-Fe(III)/heme-Fe(IV)=O catalysis [12] 
 
In the initial reaction one electron and oxygen atom are transferred from a peroxide to the 
heme group and the last electron for the iron-oxygen bond comes formally from Fe(III), 
which is oxidized to Fe(IV) [71]. The heme-Fe(IV)=O species is strongly oxidizing, therefore 
the regeneration of heme-Fe(III) (in the second reaction of the cycle) is possible. Oxidative 
cleavage of LOOH to LOO• by ferrylmyoglobin is favorable [55]. Also another componds 
such as plant phenols (and other antioxidants) can efficiently react with ferrylmyoglobin to 
regenerate MbFe(III) [72]. The regeneration of MbFe(III) can also occur due to autoreduction 
of MbFe(IV)=O (that means, regeneration of MbFe(III) occurs even in the absence of a 
reducing compound). However, the rate of autoreduction is probably too slow for an efficient 
catalysis. The LO• radical formed in the first reaction of the cycle along with heme-Fe(IV)=O 
have the potential to accelerate oxidation reactions. In model systems containing both LOOH 
and H2O2, MbFe(IV)=O has been detected. However, detection of heme-Fe(IV)=O species 
does not necessarily mean that the cyclic reactions shown in Fig. 8 represent the actual 
mechanism [12, 73]. 
Pseudoperoxidase mechanism: The reactions of the pseudoperoxidase cycle (see Figure 9 
– pseudoperoxidase cycle with Mb as the heme-Fe catalyst and H2O2 as the peroxide) are 
generally the same as reactions in which true heme peroxidases are present. However, Mb and 
Hb react slower with peroxides than real peroxidases, and moreover their peptide chains 
might be oxidatively altered during repeated peroxidase cycling. Thus, peroxidase cycling of 
Mb and Hb can be best described as a pseudoperoxidase cycling. In this mechanism, a two-
electron transfer from heme-Fe(III) takes place. Subsequently, heme-Fe(III) is regenerated by 
getting an electron from two electron donors. These donors may be lipids or proteins therefore 
this cycle may both initiate and propagate oxidation. If the donors are antioxidants, almost 
unreactive radicals are formed, and the overall result is the antioxidative cycle [74]. In the 
reaction an oxygen atom (from peroxide) binds to the heme-iron and the two electrons needed 
for the iron-oxygen bond are originating from the heme-iron species. One electron formally 
comes from Fe(III) which is oxidized to Fe(IV) and the second electron comes from the 
porphyrin ring (which is oxidized to a porphyrin radical cation). In Mb and Hb, this radical 
cation oxidizes an amino acid residue of the surrounding peptide chain, resulting in formation 
of perferryl species as a protein radical with iron in the oxidation state +4 [71, 75]. 
Structural differences between heme pockets of Mb and classical peroxidases are 
suggested to be responsible for the observed difference in peroxidase activity. The Fe(III) 
state of peroxidases is pentacoordinated, i. e. the sixth site does not have any ligand, whereas 
Fe(III) state of Mb is hexacoordinated – the sixth ligand is a water molecule. Therefore 
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a water molecule must leave the heme of MbFe(III) before it is oxidized to hypervalent states. 
Charged amino acid residues close to the heme group in the heme pocket (which most 
peroxidases contain, but Mb does not) are believed to favour the reactions of the peroxidase 
cycle [76, 77]. 
 
 
Figure 9: Pseudoperoxidase cycle of myoglobin. H2O2 and ABTS are substrates [12] 
 
Heme-Fe(II)/heme-Fe(IV) mechanism: Heme-Fe(II) species can be oxidized by two-
electron transfer when mixed with peroxides, as can be seen by the detection of MbFe(IV)=O 
in reaction mixtures containing MbFe(II) and H2O2 [78]. The oxygenated forms of heme 
pigments have also been shown to form the ferryl states in the reaction with H2O2 [79], but 
results from the study by Yusa and Shikama suggest that MbFe(II)O2 seems to be 
deoxygenated before it reacts with H2O2 [78]. MbFe(II)/HbFe(II) must be regenerated from 
MbFe(IV)=O or HbFe(IV)=O, respectively, if the catalytic reaction cycle should be working. 
However, as the ferryl states preferentially reduce to ferric states (in one-electron transfer 
system), the regeneration above does not seem to take place. It can be concluded that the 
catalytic heme-Fe(II)/heme-Fe(IV) mechanism does not seem to operate, because heme-Fe(II) 
is not regenerated when the heme-Fe(III) is the “end-product”. This does not mean that the 
heme-iron catalysis is prevented, because Mb-Fe(III) can exert catalytic activity through 
mechanisms described in Fig. 7 and 8. MbFe(IV)=O radical is not formed in the reaction 
between MbFe(II)O2 and H2O2, but only in reaction between MbFe(III) and H2O2. However, 
increasing amounts of H2O2 leads to higher formation of MbFe(IV)=O radical also in the 
MbFe(II)O2-solution [78, 80]. 
In conclusion, the above described mechanisms of the prooxidative activity are classified 
into four groups and each of the mechanisms alone or combinations of these mechanisms may 
work depending upon the specific conditions in biological systems [12]. 
2.3.2 Iron 
An introduction about the presence and the role of iron is given in part 2.2.5.1.  
Three mechanisms are known by which metals promote oxidation (examples of reactions 
are shown with iron). 
a) In the first mechanism (mentioned in 2.1.3.1.) transition metals can directly react with 
unsaturated lipids and break them down into lipid alkyl radicals (L•): 
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2 3Fe LH Fe H L+ + + •+ → + +  
 
However this reaction occurs slowly, there are spin barriers and thermodynamic limitations 
and therefore this reaction is not believed to play an important role in lipid oxidation 
promotion. 
 
b) The second mechanism is the lipid hydroperoxide-dependent mechanism. Two possible 
pathways have been proposed: 
 LOOH breakdown by Fe2+: 
 
2 3Fe LOOH Fe OH LO+ + − •+ → + +  
 
and subsequent abstraction of hydrogen atom by LO• radical: 
 
LO LH LOH L• •+ → +  
 
 LOOH breakdown by Fe3+: 
 
3 2Fe LOOH Fe H LOO+ + + •+ → + +  
 
and subsequent abstraction of hydrogen atom by LOO• radical: 
 
LOO LH LOOH L• •+ → +  
 
c) In the third mechanism ground state oxygen can be activated in the presence of 
transition metals and the initiation of oxidation occurs either by hydroperoxy radical or singlet 
oxygen formed: 
12 3 3
2 2 2
eFe O Fe O O
−
−+ + −+ → + →  
                                             
H HOO
++ •
→  
 
Metal-catalyzed decomposition of lipid hydroperoxides is believed to be the most 
important mechanism. Even trace amounts of these transition metals can promote the shift of 
electrons from lipid hydroperoxides because reactions of Fe2+ and Fe3+ with lipid 
hydroperoxides (LOOH) can run in cycles, so the lower oxidation state of metal is 
regenerated. Metals in lower oxidation state are better and faster promoters of hydroperoxide 
decomposition than metals in their higher oxidation state. Fe2+ has been reported to 
decompose peroxides at a higher rate than Fe3+ [10, 18]. This could be due to the fact that the 
activation energy that is needed for the cleavage of O-O bond is lower than activation energy 
required for the cleavage of O-H bond, which is 184kJ/mol and 377kJ/mol, respectively [18]. 
In Figure 10 the proposed mechanism of lipid peroxidation catalyzed by metals is shown. 
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Figure 10: Proposed mechanism of transition metals-catalyzed lipid peroxidation [10] 
2.4 Antioxidants 
An antioxidant can be defined as any substrate that significantly delays or prevents 
oxidation of an oxidizable substrate when present at low concentrations compared with those 
of the oxidizable substrate. The term “oxidizable substrate” refers to every type of molecule 
found in vivo, which includes proteins, lipids, sugars, nucleic acids etc. The oxidative damage 
to the substrate is caused by reactive oxygen species (ROS). Many substances can act as 
antioxidants, but their relative importance and efficiency depends upon the type of ROS 
generated, the type of substrate as a target of the oxidative damage and where this damage 
takes place [81]. 
The inhibition by antioxidant can occur in two ways: it reduces the rate at which maximal 
level of oxidation is reached and reduces the maximal level of oxidation [18].  
In foods, antioxidants help maintain food quality and increase shelf life. Antioxidants used 
in food processing have to fulfill several requirements, such as: they must be relatively cheap, 
effective at low concentrations, stable (also during food processing steps), nontoxic and their 
influence on flavour, odour and colour should be minimal [18].   
Antioxidants can be classified according to the mechanism of action as primary and 
secondary antioxidants. Some antioxidants are multiple-function antioxidants, which means, 
that they exhibit more than one type of mechanism of activity. Antioxidants can also be 
classified according to their origin as natural and synthetic antioxidants [18]. 
2.4.1 Primary antioxidants 
Primary (Type I) antioxidants are chain-breaking antioxidants that act as free radical 
acceptors. They are often called free radical scavengers (FRS). These antioxidants delay or 
inhibit the initiation step or interrupt the propagation step of autoxidation. The mechanism of 
primary antioxidants action is the donation of antioxidant´s hydrogen atom to the radicals 
[18]. 
There are two reaction mechanisms by which hydrogen atoms can be transferred to a free 
radical: hydrogen atom transfer (HAT) and single-electron transfer (SET). In the HAT 
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mechanism, a whole hydrogen atom is transferred (abstracted) from an antioxidant to a free 
radical using the same sets of orbitals. The antioxidant becomes a radical in the reaction: 
 
•+→+• ArORHArOHR  
 
In the HAT mechanism, the main parameter determining the antioxidant efficacy is the 
bond dissociation enthalpy of the O-H bonds – the weaker the bond, the easier the hydrogen 
transfer and the easier the free radical inactivation. 
In the SET mechanism, the hydrogen atom is transferred as a proton (H+) and an electron 
and different sets of orbitals are used. After the hydrogen transfer, the radical becomes an 
anion and the antioxidant becomes a radical cation (ArO•+). The most important parameter for 
evaluation of the scavenging ability for this mechanism is the ionization potential: the lower 
the ionization potential, the easier the electron abstraction. 
Primary antioxidants can react with lipid, peroxy and alkoxy radicals and convert them to 
more stable, nonradical products. They can slow down oxidation in the initiation phase, where 
antioxidants scavenge lipid radicals (L•), or in the propagation phase of lipid peroxidation, 
where they scavenge lipid peroxy radicals (LOO•) and/or lipid alkoxy radicals (LO•) [18]. 
 
•+→+•
•+→+•
•+→+•
ALHAHL
ALOHAHLO
ALOOHAHLOO
 
 
The antioxidant radicals and lipid derivatives that are formed after hydrogen donation are 
more stable and they are less readily available for further oxidation. The antioxidant radical 
has a very low reactivity with lipids. The antioxidant radical is stabilized by delocalization of 
the unpaired electron in the phenol ring and forms stable resonance structures [18]. 
FRS primarily reacts with peroxy radicals because the propagation phase is a slow step in 
lipid oxidation therefore there is a high concentration of this radical. Another reason is that 
peroxy radical has lower energy than other radicals (such as alkoxy radical or hydroxy radical, 
which are so reactive, that they react with molecules that are in the closest proximity). FRS 
competes more effectively with other compounds (mainly with unsaturated fatty acids) for 
peroxy radicals and is therefore not likely to react with high-energy free radicals [18].  
The antioxidant efficiency is influenced by the ability of FRS to donate hydrogen to the 
free radical. The lower the hydrogen bond energy of the FRS the faster the transfer of the 
hydrogen atom to the free radical. This ability of an FRS to donate hydrogen can be predicted 
according to the standard one-electron potentials. The higher the reduction 
potential of a compound (e. g. ROS) the greater the oxidizing ability of this compound. For 
example, the hydroxy radical has a very high standard reduction potential (2310 mV) and is 
one of the most reactive species known [18, 25]. The standard reduction potentials of reactive 
oxygen species are shown in Table 1. 
Any compound that has a reduction potential lower than the reduction potential of a free 
radical is able to donate hydrogen to this free radical. ROS, which has a reduction potential 
greater than 1000 mV, is thermodynamically capable of oxidizing PUFA, which has 
a reduction potential of 600 mV [25]. For example, FRS α-tocopherol has reduction potential 
of 500 mV and is therefore capable of donating hydrogen to peroxy radical (mentioned above) 
which has 1000 mV. The hydrogen of the hydroxyl group on α-tocopherol has lower 
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reduction potential than the methylene-interrupted hydrogen in PUFA molecule (600 mV). 
Therefore α-tocopherol can react with peroxy radicals more rapidly than unsaturated fatty 
acids [18]. 
 
Table 1: Standard reduction potentials of reactive oxygen species [18]: 
Reactive oxygen species (half-cell) Standard reduction potential (mV) 
O2, H+ / HO2• - 460 
O2 / O2•- - 330 
H2O2, H+/ H2O, HO• 320 
O2•-, H+ / H2O2 940 
ROO•, H+ / ROOH 1000 
HO2•, H+/ H2O2 1060 ∼ 1500 
RO•, H+ / ROH 1600 
HO•, H+ / H2O 2310 
 
The efficiency of a FRS is also dependent on the energy of the resulting FRS radical 
(FRS•). If the FRS radical is a low-energy radical, it is not likely that it will catalyze oxidation 
of other compounds. Very efficient FRS form low-energy radicals thanks to the resonance 
delocalization of the unpaired electron. Moreover, efficient FRS form radicals that do not 
react rapidly with oxygen resulting in peroxide formation. These hydroperoxides could be 
decomposed producing other free radicals [18]. 
 Antioxidant radicals can participate in termination reactions with peroxy, alkoxy or 
antioxidant radicals forming nonradical species [18]: 
 
AAAA
ROAALO
LOOAALOO
→•+•
→•+•
→•+•
 
 
Primary antioxidants can reduce hydroperoxides to hydroxy compounds, but the main 
antioxidative mechanism of primary antioxidants is radical scavenging [18]. 
Ascorbic acid (vitamin C) is active as a radical scavenger in aqueous media, but only at 
higher concentrations (∼10-3 M). A prooxidant activity of ascorbic acid has been observed at 
lower concentrations (10-5 M), especially in the presence of metals and/or at high oxygen 
pressures. This may occur by ascorbate-mediated generation of hydroxy radicals [16, 82]. 
Effective primary antioxidants are mono- or polyhydroxy phenols. From this point of view, 
phenolic compounds will be discussed in section 2.4.3.3, as well as tocopherols (section 
2.4.3.4) and carotenoids (section 2.4.3.2), which are also compounds with primary antioxidant 
activity. There are also primary antioxidants of a synthetic origin, such as butylated 
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate (PG) and tertiary 
butylhydroquinone (TBHQ) [18]. These will be discussed briefly in section 2.4.4. 
2.4.2 Secondary antioxidants 
Secondary (preventive, Type II) antioxidants slow down the rate of oxidation by several 
different mechanisms, but they do not convert radicals to more stable products. Secondary 
antioxidants can: 
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• Chelate prooxidant metals and deactivate them 
• Replenish hydrogen to primary antioxidants 
• Decompose hydroperoxides to nonradical products 
• Deactivate singlet oxygen 
• Absorb ultraviolet radiation 
• Act as oxygen scavengers 
 
These antioxidants are often called synergists, because they promote the antioxidant action 
of primary antioxidants [18]. 
2.4.2.1 Chelators 
Several heavy metals with two or more valence states (Fe, Cu, Mn, Ni, Zn, Cr, V, Al) 
promote oxidation, because they act as catalysts of free radical reactions. They transfer single 
electrones during changes of oxidation state [18]. See section 2.2.5.1 for the introduction for 
metals. Mechanisms of oxidation promotion by transition metals are discussed in section 
2.3.2. 
The prooxidative activity of metals can be altered by chelators or sequestering agents. 
Chelators inhibit the activity of prooxidant metals by one or more of these mechanisms: 
• Prevention of metal redox cycling 
• Occupation of all coordination sites of the metal 
• Formation of insoluble metal complexes 
• Steric hindrance of interactions between metals and lipids or oxidation 
intermediates (e. g. hydroperoxides) 
 
The main metal chelators found in foods contain multiple carboxylic acid (e. g. EDTA, 
citric acid) or phosphate groups (e. g. polyphosphate, phytate). The efficiency of 
oligophosphates increases with increasing number of phosphate groups up to six residues [16, 
18]. 
Chelators must be ionized to be active – their activity decreases if the pH value is below 
the pKa of the ionizable groups [16]. 
Chelators are typically water-soluble, but some are soluble in lipids (e. g. citric acid) and 
therefore the chelator is able to inactivate metals in the lipid phase [18]. 
A chelating ligand (also called a chelating agent) must contain at least two functional 
groups capable of donating electrons. These groups have to be spatially arranged so that a ring 
containing the metal ion can be formed. Chelates are more thermodynamically stable than 
similar complexes that are not chelates [16]. 
Some metal chelators can increase the oxidative reactions by increasing the solubility of 
the metal and/or modify the redox potential. The chelating activity can be decreased by the 
presence of other chelatable ions, such as calcium, because these ions compete with the 
prooxidative metals for binding sites [18]. 
 
EDTA (ethylenediamine tetraacetic acid) 
EDTA is a hexadentate ligand. When EDTA forms a chelate with a metal ion in solution, it 
displaces six water molecules from the metal ion. This, together with the fact that EDTA 
chelates contain five rings, enhances the stability of the complex. EDTA forms stable chelates 
with many metal ions [16]. One example is given in Figure 11. 
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Whether the chelator will inhibit or accelerate the prooxidant activity is dependent on the 
metal-to-chelator ratio. EDTA is a typical example for this: EDTA is ineffective or 
prooxidative when the EDTA:iron ratio is ≤ 1 and antioxidative when the EDTA:iron ratio 
is > 1 [16]. 
 
 
Figure 11: Schematic representation of chelation of cupric cation by disodium EDTA [16] 
 
Prooxidant metals can also be controlled by metal binding proteins, such as transferrin, 
ovotransferrin, lactoferrin, ferritin, albumin. Transferrin and lactoferrin bind two ferric ions 
apiece, ovotransferrin has been reported to bind three. Ferritin is a multisubunit protein that is 
able to store up to 4500 ferric ions. Transferrin, ovotransferrin, lactoferrin and ferritin inhibit 
iron-catalyzed lipid oxidation by binding iron in its ferric state (inactive state) and possibly by 
sterically hindering interactions between metal and peroxides. Combination of a presence of 
some reducing agents (e. g. ascorbate, cystein) and low pH can cause release of iron from the 
proteins, and therefore acceleration of the oxidation reactions [18]. 
2.4.2.2 Oxygen scavengers and reducing agents 
To this group of secondary antioxidants belong ascorbic acid, ascorbyl palmitate, 
erythorbic acid, sodium erythorbate and sulfites. Oxygen scavengers and reducing agents act 
by donating hydrogen atoms. Oxygen scavenging activity is useful in products with dissolved 
oxygen [18]. 
Ascorbic acid and sulfites react directly with oxygen and are able to eliminate it from the 
food product. L-ascorbic acid is a strong reductant and it is able to oxidize through one- or 
two-electron transfers. One-electron reactions involve an L-ascorbic acid radical, whereas 
two-electron transfer occurs when transition metals are present. These metals catalyze 
ascorbate autoxidation. During this reaction, L-ascorbate and oxygen form a ternary complex 
with the metal catalyst and two pi electrons are shifted from ascorbate to oxygen through the 
transition metal yielding water and an oxidized, more stable form of ascorbic acid 
(dehydroascorbic acid) [18]. 
In a number of different muscle tissues, it has been shown that exogenous addition of 
ascorbic acid and its derivatives controls rancidity [83-85]. Within these tissues, ascorbic acid 
may act as an antioxidant by several mechanisms: it may function as an oxygen scavenger, it 
may scavenge free radicals generated in the aqueous phase, it may maintain heme compounds 
in their reduced noncatalytic state and it may regenerate tocopherol. On the other hand, 
ascorbic acid can act as a prooxidant by maintaining Fe2+ in its reduced state [18]. 
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Ascorbic acid (vitamin C) is active as a radical scavenger in aqueous media, but only at 
higher concentrations (∼10-3 M). A prooxidant activity of ascorbic acid has been observed at 
lower levels (10-5 M), especially in the presence of metals [82]. 
Ascorbic acid is a synergist with tocopherols. It helps to inhibit oxidation by regenerating 
tocopherol from tocopheroxy radical or oxidation products [18]. 
Ascorbic acid (as a natural antioxidant) is also discussed in section 2.4.3.1. 
Ascorbyl palmitate (AP) is a fat-soluble ester of palmitic acid and ascorbic acid (Figure 
12). Ascorbic acid is soluble in water therefore AP as a fat-soluble analogue of ascorbic acid 
can be used in oils or oil-containing food. AP has been shown to be also an effective singlet 
oxygen quencher. Carotenoids also act as singlet oxygen quenchers, but their use can be 
limited because they provide yellow to red colour to the products. Thus, there was a need for 
a novel fat-soluble antioxidant that is able to reduce the photooxidation of oils and other 
photolabile oil-soluble compounds [86]. 
 
 
 
Figure 12: Ascorbyl palmitate [87] 
2.4.2.3 Singlet oxygen quenchers 
Singlet oxygen is a high-energy molecule responsible for photooxidation of unsaturated 
fats. Carotenoids (including β-carotene, lycopene, lutein, astaxanthin, etc.) are active singlet 
oxygen quenchers at low oxygen partial pressure. Singlet oxygen quenchers exhaust the 
excess amount of energy of singlet oxygen and dissipate this energy in the form of heat [18]. 
There are three possible steps where a quencher can act: 
• Quenching of the excited triplet sensitizer 
• Chemical quenching of singlet oxygen 
• Physical quenching of singlet oxygen 
Generally, chemical quenching involves the reaction of singlet oxygen with the quencher 
to produce an oxidized product, whereas physical quenching leads to the return of singlet 
oxygen to triplet oxygen without the consumption of oxygen or the formation of oxidized 
products by energy transfer or charge transfer [18]. 
β-carotene is able to chemically quench singlet oxygen – it runs by an attack of singlet 
oxygen to the double bonds of carotenoid. This will lead to formation of carotenoid 
breakdown products containing aldehyde and ketone functional groups as well as β-carotene-
5,8-endoperoxide, the last being a unique marker of singlet oxygen quenching ability of β-
carotene. Tocopherols can also chemically quench singlet oxygen, and this reaction will result 
in formation of tocopherol peroxides and epoxides. Also other compounds, such as proteins, 
peptides, amino acids, phenolics or ascorbate, can chemically quench singlet oxygen, but the 
resulting oxidation products are not well known [16, 18]. 
Chemical inactivation of singlet oxygen by carotenoids causes carotenoid autoxidation, 
which results in loss of its antioxidant activity. Therefore, the predominant mechanism of 
singlet oxygen quenching by carotenoids is physical quenching: the energy of singlet oxygen 
(1O2) is transferred to singlet state carotenoid (1car) and the products are the excited state of 
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carotenoid (3car) and the ground state of oxygen, triplet oxygen. This is called singlet oxygen 
quenching. Energy can be transferred from the excited triplet sensitizer (3Sen*) to the singlet 
state carotenoid (1car), which is called triplet sensitizer quenching. Then, the triplet state 
carotenoid returns to its ground state by dissipating its energy by vibrational and rotational 
interactions with the surrounding solvent [18]: 
 
1 1 3 3
2 2
1 3 3 1
3 1
*
O car car O
car Sen car Sen
car car heat
+ → +
+ → +
→ +
 
 
Carotenoids are very efficient singlet oxygen quenchers – for example, one molecule of β-
carotene is able to quench up to 1000 molecules of singlet oxygen. The rate of singlet oxygen 
quenching by carotenoids depends on the number of conjugated double bonds and the type 
and number of functional groups. Carotenoids with nine or more conjugated double bonds are 
effective singlet oxygen quenchers. Xanthophylls are not efficient in scavenging singlet 
oxygen because of addition of functional groups to the hydrocarbon structure [18]. For 
example, Lee and Min [88] investigated the effectiveness of five different carotenoids (lutein, 
zeaxanthin, isozeaxanthin, lycopene and astaxanthin) in quenching chlorophyll-
photosensitized oxidation of soybean oil and concluded that the efficiency increased with 
increasing number of double bonds in carotenoid and the concentration of carotenoid. 
Hirayama et al. [89] examined the singlet oxygen quenching ability of various naturally 
occuring carotenoids by measuring toluidine blue-sensitized photooxidation of linoleic acid. 
They reported that the 1O2 quenching ability increased with increasing number of conjugated 
double bonds, but this ability varied with chain structure and functional groups. They stated 
that the number of conjugated double bonds was the most effective parameter for assessing 
the 1O2 quenching ability. The open chain had a higher quenching ability than the β-inone 
ring, the hydroxy group had a positive effect but was less effective as quencher, while epoxy 
and methoxy groups had lower effects. This indicates that carotenoids with some functional 
groups attached to the hydrocarbon structure are less effective 1O2 quenchers. 
Ascorbic acid is an example of a chemical quencher of the excited sensitizer. Tocopherols 
and amines can physically quench singlet oxygen by the charge transfer mechanism – the 
quencher is the electron donor in this interaction. Tocopherols are primarily studied as free 
radical scavengers, but when present in systems susceptible to singlet oxygen oxidation, 
tocopherols inhibit oxidation. Tocopherol can form a complex with singlet oxygen and 
tocopherol donates an electron to singlet oxygen [18]: 
 
1 1 1 3
2 2 2 21 3
Toc O Toc O Toc O Toc O+ +   + → − → − → +     
 
In addition to physical quenching, tocopherol can quench singlet oxygen by reacting 
irreversibly with singlet oxygen, which is called chemical quenching. This reaction produces 
oxidized compounds. α-tocopherol reacts with singlet oxygen at the highest rate, followed by 
β-, γ-, and δ-tocopherols. This can result in the prooxidative activity of α-tocopherol [18].  
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2.4.3 Natural antioxidants 
The consumers are concerned about synthetic food additives, and therefore utilization of 
natural antioxidants is preferred. Some natural preservatives are a part of foods, while others 
can be added to the product or are formed as a result of cooking and processing steps. Recent 
research has been focused on isolation and identification of effective antioxidants from 
various natural sources. Important natural antioxidants are ascorbic acid, tocopherols, 
carotenoids, phenolic compounds; others are for example: amino acids, proteins, protein 
hydrolysates, phospholipids. Recently, spices (e. g. rosemary) have been used as sources of 
commercially exploited antioxidants – the active compounds in the extracts are mainly 
polyphenolic substances [16, 18]. 
The safety of natural antioxidants should not be taken for granted. Some natural products 
are potential carcinogens, mutagens or teratogens. 
2.4.3.1 Ascorbic acid 
Ascorbic acid (AsA), or vitamin C, (see Figure 13) is a component of plant tissues and is 
produced synthetically in large amounts. Ascorbic acid acts as a primary or secondary 
antioxidant. In vivo, AsA is a primary antioxidant, whereas in foods it is a multifunctional 
antioxidant and can act by following mechanisms: 
• Quenching of singlet oxygen (see section 2.4.2.3) 
• Scavenging of oxygen in the presence of metal ions (see section 2.4.2.2) 
• Reduction of free radicals (see section 2.4.1) 
• Reduction of primary antioxidant radicals 
 
In the last mechanism, ascorbic acid is a synergist with tocopherols. Synergism is 
a phenomenon in which the net antioxidant effect is higher than the sum of the individual 
antioxidant effects. Synergism between antioxidants has been observed mainly in the co-
occurence of metal chelator and free radical scavengers, because metal chelators mostly 
operate in the initiation step of lipid oxidation and radical scavengers in the propagation step. 
The synergistic antioxidant effects have been studied mostly with tocopherols [18], but the 
following study [90] involves carotenoids. 
Jørgensen and Skibsted [90] investigated carotenoid scavenging of free radicals and 
suggested a mechanism for trapping of an alkoxyl radical by astaxanthin in the central 
hydrophobic region of a cell membrane. The trapping of this radical is followed by 
a “transport” of the unpaired electron by the conjugated system to the lipid-water interface, 
where the astaxanthin radical reacts with ascorbate anion (AH-) in the aqueous phase, 
resulting in non-radical product and ascorbyl radical. 
Ascorbic acid (AsA) occurs naturally in fruits and vegetables and, in smaller amounts, also 
in animal tissues and animal-derived products. Ascorbic acid and its salts are widely used as 
food ingredients for their reducing and antioxidative activities (e. g. in meats, for inhibiting of 
enzymatic browning in fruits and vegetables, for inhibition of nitrosamine formation in cured 
meats). Fatty acid esters (e. g. ascorbyl palmitate) and AsA acetals are lipid-soluble 
compounds used for protection in lipid environments. AsA is very susceptible to oxidation, 
especially when catalyzed by transition metal ions such as Cu2+ and Fe3+ [16]. 
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Figure 13: L-Ascorbic acid [67] 
 
2.4.3.2 Carotenoids 
Carotenoids are a family of more than 600 natural compounds. Carotenoids are yellow, 
orange and red lipid-soluble pigments that can be found in plants, fruits and vegetables. They 
consist of a class of hydrocarbons called carotenes (e. g. β-carotene, lycopene) and their 
oxygenated derivatives called xanthophylls (e. g. astaxanthin, canthaxanthin). From the 
structural point of view, carotenoids are 40-carbon isoprenoids or tetraterpenes with different 
structural characteristics.  
 
 
Figure 14: Chemical structures of β-carotene, astaxanthin and zeaxanthin [91] 
 
Carotenoids have a typical linear, long-chain polyene structure (Figure 14). In this 
conjugated system, the electrons are delocalized or shared evenly in the whole chain. The 
antioxidant capacity is directly related to polyene chain length and number of conjugated 
double bonds. These double bonds are chemically stable and can undergo specific redox 
chemical reactions. For example, when a carotenoid loses one electron and becomes a radical 
cation, the resulting +1 charge is distributed over the electron-rich chain and this compound is 
much more stable than a compound in which the charge is situated at a single location [18, 
92]. 
Carotenoids have dual antioxidant capacity, they are: 
• Singlet oxygen quenchers 
• Scavengers of free radicals (mainly peroxy radicals) 
 
The ability of carotenoids to quench singlet oxygen is described in section 2.4.2.3. 
The knowledge of the mechanism by which carotenoids react with radicals in lipid 
oxidation and perform an antioxidative effect has been rather limited until lately. Carotenoids 
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seem to scavenge peroxy radicals by a mechanism in which the radical is added to the 
conjugated polyene system: 
•→+• carLOOcarLOO  
The resulting carbon-centered radical is stabilized by resonance. When the oxygen 
concentration is low, a second peroxy radical can be added to the carbon-centered radical and 
a nonradical polar product is formed: 
polarLOOcarLOO →•+•  products  
At high oxygen pressures, carotenoids become prooxidants, because oxygen can be added 
to the carbon-centered radical in a reversible reaction resulting in an unstable chain-carrying 
peroxyl radical: 
•→+• OOcarLOOOcarLOO 2  
This radical can be degraded to radicals and non-radical polar products, resulting in no net 
inhibition of oxidation [90]: 
radicalsOOcarLOO →•  and  polar  products  
Other radicals from lipid oxidation processes can react in these reactions. The relative 
reactivity of carotenoids towards radicals and the relative stability of the resulting carbon-
centered radical are the important factors for the antioxidative capacity of carotenoids [90]. 
Carotenoids are very unstable, and their addition to processed foods has to be done carefully. 
Carotenoid stability is affected by pH, heat, oxygen, light and the presence of metals [18]. 
2.4.3.3 Phenolic compounds 
Phenolic compounds (phenolics) are naturally occuring compounds found in plants. 
Phenolic compounds have one structural feature in common – a phenol, an aromatic ring with 
one or more hydroxyl groups. These compounds have been considered as important parts of 
plant foods because of their impact on flavour and colour; there is also an interest in their 
potential health benefits and antimicrobial effects. Several phenolics have shown potential for 
use as antioxidants in foods and some are already utilized as such. However, the antioxidant 
activity of these compounds varies greatly, and some even act as prooxidants. Many factors 
influence the antioxidant activity – number and position of hydroxyl groups, polarity, 
solubility, reducing potential, stability to food processing and stability of the phenolic radical. 
Metal chelation properties, in addition to high reducing potentials, can accelerate metal-
catalyzed oxidative reactions, which results in the prooxidative activity of the compound 
under certain conditions. Research on plant phenolics has been very intensive recently. The 
list of plant material sources of antioxidant compounds is still growing. Plants containing 
phenolics with antioxidant activity are for example: apples, citrus fruits, sesame seeds, rice, 
barley, peppers, soybean, mustard, rapeseed, tea leaves, wine, olive oil, berry fruits, coffee 
and cocoa bean and others [16, 18, 93]. 
Flavonoids are secondary products of plant metabolism consisting of mote than 4000 
individual compounds classified to six subclasses: flavones, flavonols, flavanols, flavonones, 
isoflavones and anthocyanins. Several are able to chelate metals, therefore they can act as 
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antioxidants. Flavonoids also can act as primary antioxidants and superoxide anion 
scavengers [18]. 
In studies with membrane model systems, antioxidant efficiency of flavonoids has been 
discovered to be dependent not only on their redox properties but also on their ability to 
interact with biomembranes [94]. 
Phenolic acids also belong to the large group of phenolics. Phenolic acids are structurally 
related to flavonoids – they serve as precursors of flavonoid biosynthesis. Phenolic acids are 
phenols with one carboxylic acid group. Phenolic acids include: 
• Hydroxycinnamic acids (caffeic, p-coumaric, ferulic, sinapic acids) 
• Hydroxybenzoic acids (4-hydroxybenzoic, ellagic, gallic, gentisic, 
protocatechuic, salicylic, vanillic acids) 
• Hydroxycoumarin (scopoletin) 
 
 
Figure 15: Structures of some phenolic acids [95] 
 
Some phenolic acids are able to retard lipid oxidation. This is a feature related to their 
metal-chelating capacity as well as the ability to scavenge free radicals. Phenolic compounds 
are able to donate a hydrogen atom from their hydroxyl group forming a stable phenolic 
radical. This radical has low energy due to delocalization of the unpaired electron throughout 
the phenolic ring (for caffeic acid, the lateral double bond is conjugated with the catechol 
ring), see Figure 16. If there are some substitution groups on the phenolic ring, the antioxidant 
activity is often increased. This is because these substitutions result in increased stability of 
the phenolic radical and/or increased ability to donate hydrogen atom [18, 95, 96]. 
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Figure 16: Resonance stabilization of a free radical by a phenolic [18] 
 
However, the antioxidant activity of phenolic acids varies greatly and is dependent on their 
structure and the food system [18, 94]. For example, a higher activity in scavenging AAPH-
derived peroxyl radicals was observed by caffeic acid in comparison with 
monohydroxycinnamic acid derivatives, ferulic acid and p-coumaric acid [96]. A similar trend 
in their antioxidant capacities has also been observed in other studies [97, 98]. 
Substitution of hydrogen atoms on phenol in the ortho- and para-positions with alkyl 
groups increases electron density of the OH moiety and enhances its reactivity toward lipid 
radical. Addition of a second hydroxy group, so that there are two OH groups (in the ortho- 
and para-positions), increases the antioxidative activity of the compound. Such compounds, 
e. g. caffeic acid, can form intramolecular hydrogen bond that increases the stability of the 
phenoxy radical (see Figure 17) [95, 96]. 
The redox potentials and bond dissociation enthalpies (BDE) of the O-H bond are the 
important physicochemical characteristics that control the thermodynamic ability for electron 
transfer and hydrogen atom transfer of phenolic compounds [95, 96]. 
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It has been shown, that ascorbic acid can regenerate phenolic antioxidants by supplying 
hydrogen to the phenoxy radical formed by providing hydrogen atoms in the chain reaction of 
lipid oxidation. For this action, ascorbic acid must be less polar, so that it will dissolve in fat. 
This is achieved by esterification to fatty acids to form e. g. ascorbyl palmitate [18, 95]. 
 
 
 
Figure 17: Stabilization of the phenoxy radical by intramolecular hydrogen bonding [18] 
2.4.3.4 Tocopherols 
Tocopherols and tocotrienols are groups of chromanol homologues with vitamin E activity 
in the diet. They are widely distributed in the plant kingdom, with vegetable oils being the 
richest vitamin E sources. Tocotrienols are less common. For example, palm oil has a unique 
vitamin E profile, having tocotrienols in higher concentrations than other food sources. 
During isolation of oil from plants, tocopherols and tocotrienols are also isolated. Even after 
refining, a sufficient level of tocopherols and tocotrienols is retained, although there is some 
loss during deodorization step. Thus, they secure the stability of the oil end-product. 
Worldwide, the main commercial source of natural tocopherols is in the soybean oil refining 
industry [18, 82]. 
Tocopherols and tocotrienols are monophenolic compounds with varying antioxidant 
activities. The vitamin E group consists of eight naturally occurring homologues. They are 
fat-soluble 6-hydroxychroman compounds. α-, β-, γ-, and δ-tocopherols contain saturated side 
chain consisting of three isoprenoid units, whereas the corresponding α-, β-, γ-, and δ-
tocotrienols have double bonds at the 3´, 7´ and 11´ positions of the side chain (see Figure 
18). Only RRR isomers are found in nature. Biologically, RRR-α-tocopherol has the highest 
vitamin E activity [18]. 
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Figure 18: Structure of tocopherols and tocotrienols [18] 
 
Tocopherols can act as antioxidants by the following mechanisms: 
• Free radical scavenging (mainly peroxyl radicals, but carbon-centered 
and hydrogen radicals as well) 
• Scavenging of singlet oxygen (see section 2.4.2.3) 
• Complexation of iron in the presence of ascorbate 
 
Tocopherols inhibit lipid oxidation by scavenging free radicals. Tocopherols have 
a standard reduction potential of 0.5 V, and can donate hydrogen atoms to alkyl, alkoxy and 
peroxy radicals of lipids whose standard reduction potentials are 0.6, 1.6, and 1.0 V, 
respectively. Tocopherol (TOH) donates its phenolic hydrogen to peroxy radical (LOO•) to 
produce tocopheroxy radical (TO•) and lipid hydroperoxide: 
 
TOH LOO TO LOOH+ • → • +  
 
The rate of this reaction is higher (104 – 109 M-1s-1) than that of reaction between lipid 
peroxy radical and lipids (10 – 60 M-1s-1) [18, 99]. 
The tocopheroxy radical may then scavenge another radical to produce a stable nonradical 
product, or may react with reducing agent (e. g. ascorbic acid) to regenerate TOH, or may 
attack lipids producing new reactive lipid radicals capable of initiating a new oxidation chain 
reaction. The relative importance of these reactions of tocopheroxy radical influences the total 
antioxidant capacity of TOH. If there are not enough lipid peroxy radicals (which is at a low 
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lipid oxidation rate in lipid membrane systems), tocopheroxy radicals react with each other 
producing tocopheryl quinone and TOH [18, 99]: 
 
TO TO tocopheryl quinone TOH• + • → +  
 
At a higher lipid oxidation rate, tocopheroxy radical reacts with lipid peroxy radicals and 
produce TOH-lipid peroxy complex, which then undergoes hydrolysis giving tocopheryl 
quinone and lipid hydroperoxide (or, generally, tocopheroxy radical undergoes radical-radical 
coupling with other radicals producing adducts) [18, 99]: 
 
[ ]TO LOO TO OOL tocopheryl quinone LOOH• + • → − → +  
 
Each tocopherol molecule is therefore able to neutralize two peroxy radicals. Since lipid 
peroxy radicals react with tocopherols several orders of magnitude faster than with acyl lipids, 
one tocopherol molecule can protect about 103 – 108 PUFA molecules at low peroxide values 
[99]. 
Tocopherols also can react with alkoxy radicals, formed in the propagation step, or 
undergo self-coupling to form dimers and/or trimers [18, 99]: 
 
LO TOH TO LOH• + → • +  
TO TO TO TO• + • → −  
 
In a very special case, when oxygen is present in trace amounts and hydroperoxides are 
present in negligible concentrations, tocopherols can react directly with alkyl radicals: 
 
TOH L TO LH+ • → • +  
 
The antioxidant activity of TOH differs among the isomers. In vivo, the relative 
antioxidant activity of tocopherols decreases in the order α-TOH > β-TOH > γ-TOH > δ-
TOH. However, in foods the antioxidant activity of tocopherols is reverse: δ-TOH > γ-TOH > 
β-TOH > α-TOH. A possible explanation can be the following [82]: 
• α-TOH reacts with radicals as shown in Figure 19. Product I is stable, 
whereas product II is a radical capable of initiating autoxidation reaction; 
formation of product II may be suppressed in vivo 
• In aqueous media δ-TOH is the most effective in protecting 
hydroperoxides from decomposition. Higher stability of hydroperoxides 
can prolong the induction phase of lipid autoxidation. In vivo, the 
hydroperoxides are rapidly converted into other compounds (e. g. by 
enzymatic reduction producing hydroxy fatty acids which cannot degrade 
to radicals) 
• α-TOH easily undergoes oxidation by gaseous oxygen (which leads to 
radical formation), while γ-TOH and especially δ-TOH are stable. 
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Figure 19: Reaction of α-TOH with radicals [82] 
 
δ-TOH generally has the highest free radical-scavenging activity. The optimal 
concentration of TOH is dependent on their oxidative stability; isomer that has lower 
oxidative stability generally shows lower optimal concentration for the maximal antioxidative 
activity. TOH, particularly α-TOH, exhibit prooxidative activity when present at high 
concentrations in oil and it is even more obvious, when the concentration of lipid peroxy 
radicals is very low. Tocopheroxy radical can abstract hydrogen atom from the lipid and 
produces TOH and lipid alkyl radical, although the reaction is very slow. This so called TOH-
mediated peroxidation can be prevented by addition of ascorbic acid, which provides 
hydrogen to tocopheroxy radical [18, 99]. 
2.4.4 Synthetic antioxidants 
Despite their high efficiency, low cost and good stability, synthetic antioxidants (AOX) are 
not widely used in foods, because of consumers´ suspicion that their consumption might 
promote carcinogenicity. Synthetic AOX are intentionally added to foods to inhibit lipid 
oxidation, and they are very effective in this function. The following synthetic AOX are 
approved for use in food: butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), 
propyl gallate (PG), octyl gallate (OG), dodecyl gallate (DG), tertiary butylhydroquinone 
(TBHQ), 4-hexylresorcinol and erythorbic acid. Development of new synthetic AOX is rather 
limited by the costs of research, costs related to evaluation of their safety as well as by the 
time needed for the whole process – up to obtaining approval for an additive [18]. 
BHA is a waxy, monophenolic compound. It is soluble in fat and used as AOX in animal 
fats, but is not effective in vegetable oils. BHA and BHT are fairly heat stable, therefore they 
are used in heat-processed foods. BHT is a widely used monophenolic AOX. TBHQ is 
a biphenolic AOX. It is heat-stable and is used in frying applications [18]. 
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PG, OG and DG are, respectively, the n-propyl, n-octyl and n-dodecyl esters of 3,4,5-
trihydroxybenzoic acid. PG is slightly water-soluble, whereas OG and DG are more lipid-
soluble [18]. 
2.4.4.1 Ascorbyl palmitate 
Ascorbyl palmitate (AP) and ascorbyl stearate are synthetic derivatives of ascorbic acid 
(AsA). AP is an ester of ascorbic acid and palmitic acid. It is a fat-soluble analogue of AsA. 
However, it is still only slightly soluble and requires the help of magnets and/or higher 
temperatures. AP acts as oxygen quencher and a reductant and has been shown to be an 
effective singlet oxygen quencher (see section 2.4.2.2) [18, 86]. 
AP has been shown to be a synergist with α-tocopherol and phenolic antioxidants [16]. AP 
has a GRAS (Generally Recognized as Safe) status; in the digestive system, AP is hydrolyzed 
to nutritionally available ascorbic acid and palmitic acid [18]. 
2.4.5 Antioxidants in lipid systems 
Many studies have been made comparing the effectiveness of antioxidants with different 
lipid substrates, model systems, oxidation conditions and methods to follow lipid oxidation. 
This variability has led to large confusion. This is because it depends whether the oxidation is 
carried out in bulk oil or in emulsion and which analytical method is used to determine the 
extent and end point of oxidation. Therefore the methodology for evaluation of antioxidants 
must be carefully interpreted [100]. 
The relative antioxidant effectiveness in lipid systems is dependent on numerous factors [7, 
18, 100]: 
• The type of the lipid matrix (e. g. triacyglycerols, phospholipids, free 
fatty acids) 
• The type of the lipid system (bulk oil, emulsion, minces, LDL, 
membrane systems: e. g. liposomes, microsomes) 
• The type and the structure of antioxidant (e. g. number of conjugated 
double bonds, number of OH groups) 
• The concentration of antioxidant 
• The presence of prooxidants, their type and concentration (transition 
metals, metalloproteins, photosensitizers) 
• The ratio of prooxidant vs. antioxidant concentrations 
• The presence of other substances (e. g. proteins, emulsifiers, enzymes, 
endogenous antioxidants) 
• Reaction conditions (e. g. pH, temperature, oxygen concentration, light) 
 
Many foods and biological systems are complex, multicomponent, and heterogenous 
systems, where lipids are present with other components in aqueous medium. In emulsions, 
the membranes that surround the emulsion droplet consist of surface-active substances such as 
emulsifiers and/or proteins. They form a protective barrier against penetration and diffusion 
of metals or radicals that initiate lipid oxidation. The chemical and physical characteristics of 
an emulsifier are important factors for protection of PUFA against oxidation in aqueous 
phase. Antioxidants behave differently in bulk phase and emulsion systems. In bulk phase, the 
relative oxidative stability of PUFA increases with decreasing the degree of unsaturation. The 
reverse has been shown in micelles and in PC liposomes (which suggests that the degree of 
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unsaturation in not the main factor affecting the oxidative stability of PC in liposomes). The 
differences in relative oxidative stability of PUFA between in bulk phase and and in aqueous 
phases such as food and biological systems, is significant [18]. 
2.4.5.1 Interfacial phenomena in the evaluation of antioxidants 
Antioxidant efficacy depends on many factors. In multiphase systems, partitioning of the 
antioxidant into different phases of the system appears to be one of the most important 
factors. It is due to the so-called polar paradox. According to this phenomenon, polar 
(hydrophilic) antioxidants such as ascorbic acid or Trolox will be more effective in non-polar 
media like bulk oil than their non-polar (or more non-polar) counterparts ascorbyl palmitate 
and tocopherol, respectively. And lipophilic antioxidants will be more effective in polar 
media (like emulsions) [7, 100]. 
The differences in the efficacy of antioxidants in emulsion and bulk oils, is due to their 
physical location in these two systems. Polar antioxidants are more effective in bulk oil, 
because they are located at the air-oil interface where oxidation is taking place (due to high 
concentrations of oxygen and prooxidants). Lipophilic antioxidants will be less protective by 
remaining in solution in the oil. In contrast, non-polar antioxidants are more effective in 
emulsions because they are located in the oil phase (in the oil droplets) and/or are 
accumulated at the oil-water interface. These are the locations where oxidation propagates, 
because the interactions between hydroperoxides at the droplet surface and prooxidants in the 
aqueous phase take place here. In emulsions, hydrophilic antioxidants move to the aqueous 
phase where they cannot adequately protect the lipid [16, 100]. 
The study of antioxidant efficiency in dispersed systems is more complex compared to 
evaluation of AOX efficacy in bulk oils, because much more variables can affect lipid 
oxidation (e. g. pH, emulsifiers). 
It can be concluded that there is no ideal (or universal) lipid model system. Each system is 
specific and the efficiency of an antioxidant is different in each system. Therefore the choice 
of a lipid model system has to be made according to the purpose of a study (e. g. which 
prooxidant and/or antioxidant is investigated) [7, 16]. 
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3 EXPERIMENTAL 
3.1 Isolation of phospholipids 
The isolation procedure consisted of extraction of total lipids from the raw material and 
isolation of phospholipids from the total lipids. 
3.1.1 Isolation of cod roe oil 
The marine phospholipids used for the experiments were isolated from cod (Gadus 
morhua) roe. Separated frozen cod roe was obtained from HOPEN DRIFT AS, Kabelvåg, 
Norway. The production date was 17 March 2008. Before isolation, the roe was kept in dark 
at -40 °C.  
The extraction of total lipids (OIL) from the roe was performed according to the method of 
Bligh and Dyer [101]. A portion of the roe (approximately 150 g) was homogenized by an 
Ultra Turrax homogenizer in 100 mL of distilled water, 400 mL of methanol and 200 mL of 
chloroform for 2 min. Then, 200 mL of chloroform was added and the mixture was 
homogenized for another 1 min. After that, 200 mL of distilled water was added and the 
mixture was homogenized for another 1 min. The mixture was then divided into centrifugal 
bottles and was centrifuged for 15 min at 9000 rpm at 4 °C. After centrifugation, the 
chloroform (bottom) phase containing lipids was pipetted out, filtered through glass wool to 
remove protein particles, collected into dark bottles and stored in a freezer (-20 °C) until 
further processing. The whole procedure was carried out on ice. Total lipids in chloroform 
were concentrated by evaporation of chloroform with a rotor evaporator under the following 
conditions: water bath at 30 °C, max. 60 rpm speed, vacuum 200 mbar. Concentrated lipids 
were stored in chloroform at -20°C. 
3.1.2 Isolation of phospholipids 
Phospholipids were isolated from the total lipids by the acetone precipitation method 
described by Kates [15] with modifications made by Mozuraityte [10]. The acetone 
precipitation method is based on the fact that phospholipids are insoluble in cold acetone. 
An aliquot of total lipids dissolved in chloroform, 4 g in 10 mL, was mixed with 200 mL of 
acetone and kept at -20 °C overnight. The acetone phase (OIL1) was poured off and the 
precipitated phospholipids (PL1) were dissolved in chloroform and collected. Phospholipids 
in chloroform were concentrated by evaporation of chloroform using a rotor evaporator. Then, 
the precipitation procedure was repeated once again and combined to give resulting in 
obtaining the acetone phase containing OIL2 and chloroform phase containing final 
phospholipids PL2. Phospholipids in chloroform were concentrated by evaporation of 
chloroform using a rotor evaporator. The final phospholipids in chloroform (ca. 0.4 g in 1 mL 
of chloroform) were stored at -20 °C. The evaporation was not carried out to dryness because 
chloroform protects phospholipids against oxidation. 
The scheme of phospholipid isolation is shown in Figure 20. 
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Figure 20: Scheme of phospholipid isolation from total lipids extracted from cod roe 
 
During the whole isolation procedure five products were obtained – OIL (total lipids), 
OIL1, OIL2, PL1, PL2 (final phospholipids), see Figure 21. These fractions were then 
analysed in terms of their degree of oxidation (PV, TBARS, AV), the carotenoid content and 
their purity (TLC). In addition, the fatty acid composition was determined for OIL and PL2. 
Final phospholipids were used for the preparation of liposomes used in the oxidation 
experiments. 
  
 
Figure 21: Five products obtained from the isolation procedure, from left OIL, PL1, OIL1, 
OIL2 and PL2 
3.2 Liposome preparation 
The liposome solution was prepared according to Mozuraityte [10]. An aliquot (1 mL) of 
final phospholipids was pipetted into a test tube and the solvent (chloroform) was evaporated 
by a stream of nitrogen gas (99.99%). After that, phospholipids were kept under vacuum for 
ca. 1.5 hours to evaporate the solvent completely, leaving a dried mass of phospholipids. 
Dried phospholipids were dispersed in a 5 mM MES (2-morpholinoethanesulfonic acid) 
solution to a concentration of 30 mg/mL. MES buffer was chosen because of some of its 
useful properties. These are: MES buffer does not bind iron as for example phosphate buffers, 
has low solubility in nonpolar solvents and its functional pH range 5.5 – 6.4 is suitable for the 
oxidation experiments (that were carried out at pH ≈ 5.5). Liposomes were prepared by 
sonication (Figure 22). The solution was sonicated at 50% amplitude 30 times with a 5 s pulse 
(total sonication time: 2.5 min.) using Vibra Cell sonicator (Sonics & Materials Inc., USA). 
Both during and after the sonication the solution was kept on ice to prevent increase in 
temperature and oxidation. 
Liposomes for experiments with TPP (triphenylphosphine) and lipid-soluble antioxidants 
(astaxanthin, α-tocopherol, δ-tocopherol and L-ascorbic acid-6-palmitate) were prepared by 
addition of appropriate amount of triphenylphosphine (TPP) solution or particular antioxidant 
solution to dried phospholipids. After mixing the dried PL with that solution, chloroform was 
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evaporated by a stream of nitrogen gas and after that, PL were kept under vacuum for 1 hour 
to evaporate chloroform completely. After that, PL were dissolved in the MES solution and 
sonicated as described above. If the pH of the liposomes decreased after the sonication, the 
pH 5.5 was restored by a few drops of 1 M NaOH. 
Before each set of experiments fresh liposome solution was prepared (i.e. it was prepared 
daily). For the experiment itself, the liposome concentration of 15 mg/mL (1.5%) was used, 
which was achieved by diluting the 3% liposome solution with the MES solution in a 1:1 ratio 
(v/v). 
pH verification: the pH of solutions was measured by a TitraLab90 station (Radiometer 
analytical, Denmark) coupled with a combined glass electrode (LIQ-GLASS 238000/08, 
Hamilton Co., Reno, USA). The electrode was calibrated with a set of commercial buffers, 
pH 4.0 and 7.0. 
 
Figure 22: Liposome preparation by sonication of phospholipids, from left: ordinary 
liposomes, liposomes containing antioxidant astaxanthin 
3.3 Analysis of isolation products 
3.3.1 Characterisation of isolation products 
The composition of total lipids (OIL), intermediate products (OIL1, OIL2, PL1) and the 
final phospholipids (PL2) was analyzed using the Iatroscan analyzer, principle of which is 
thin layer chromatography with flame ionization detector system (TLC-FID analyzer TH-10 
MK-6, Iatron Laboratories, Inc., Tokyo, Japan). 
Standards and samples dissolved in chloroform to a concentration of approximately 
20 mg/3 mL were spotted by means of a 10 µL Hamilton syringe bit by bit on the starting part 
of chromarods. Each spot was dried gently with a stream of nitrogen gas. The holder with 
chromarods was placed into a tank with saturated NaCl solution for 8 min. After that, the 
holder with chromarods was placed into a development tank for separation for 27 min. The 
solvent mixture consisted of n-hexane – diethylether – formic acid (85:15:0.04). Then, the 
holder was taken out and allowed to dry in air for 3 min. The holder with chromarods was 
placed into Iatroscan and the analysis was run. The components in the samples were identified 
by comparison of their retention times with those of standard solution. The results were 
expressed as area (%) as the mean value ± standard deviation. 
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3.3.2 Composition of PL2 determined by HPLC-CAD 
Another method for determination of PL2 composition was employed: HPLC-CAD (High 
Pressure Liquid Chromatography with Charged Aerosol Detection). It was an assisted 
analysis. 
The classes of phospholipids in the lipid samples (1 mg/mL) were analyzed by the Waters 
2695 Separations Module (Waters, Milford, MA, USA) coupled to the ESA Corona Charged 
aerosol detector (ESA Biosciences Inc., Chelmsford, USA). The samples were separated on 
Agilent Prep-SIL Scalar 10 µm column, 4.6 × 150 mm (packed by Agilent Technologies, 
Santa Clara, CA, USA) kept at ambient temperature (22 ± 1 °C). For the isocratic elution a 
ternary gradient having a constant flow rate of 1.25 mL/min and consisting of degassed 
solvents A = n-hexane, B = 2-propanol, and C = deionised water (MiliQ) was used with the 
following timetable: at 0.01 min 40:59:1 (%A:%B:%C); at 3 min 40:54:6; at 17 min 40:48:12; 
at 17.01 min 40:59:1; and at 20 min 40:59:1. The sample temperature was 4 °C and the 
injected volume was 10 µL. Different components of PL2 (the phospholipid classes) were 
identified by a comparison to the retention times of commercial standards (only four 
standards were available at the time of the analysis: PE, PC, lysoPE and lysoPC) and the 
amounts were calculated from area %. 
3.3.3 Fatty acid profile of OIL and PL2 determined by GC 
Fatty acid composition of extracted oil (OIL) and final phospholipids (PL2) was 
determined by gas chromatography (GC) of their fatty acid methyl esters (FAMEs) according 
to the method described by Dauksas et al. [102]. 
The lipids were transesterified with boron trifluoride-methanol and 0.5 M methanolic 
sodium hydroxide, and then the FAMEs were extracted into hexane according to the AOCS 
method Ce 2-66 [103]. 
FAMEs were analysed on a Fison 8160 capillary gas chromatograph equipped with 
a capillary cold on-column injector, a fused silica capillary column, Omegawax 320 (30 m, 
0.32 mm i.d., 0.25 µm film thickness) connected to a flame ionisation detector (FID). The FID 
was connected to a computer implemented with Chrom-cart for Windows 1.21 software. The 
gas chromatograph was provided with an AS800 auto-sampler. The oven temperature was 
increased from 80 to 180 °C at 25 °C min−1 and held for 2 min. The temperature of the oven 
was then increased by 2.5 °C min−1 to 205 °C (held for 8 min) and up to 215 °C and held for 
3 min. The temperature of the detector was 250 °C. Hydrogen was used as carrier gas 
at a flow rate of 1.6 ml·min−1.  
Free fatty acid methyl esters were identified by the comparison of their retention times 
with those of a reference solution chromatographed at identical GC conditions. 
The analysis was performed in duplicate and the results were expressed in GC area % as 
a mean value ± standard deviation. 
3.3.4 Peroxide value 
Peroxide value (PV) is a method for determination of the primary oxidation products. PV 
of extracted oil (OIL, OIL1, and OIL2) and phospholipids (PL1, PL2) was determined using 
the official ferric thiocyanate method of the International Dairy Federation (IDF) [104] with 
modifications according to Ueda et al. [105] and Undeland et al. [106]. Chloroform was 
evaporated from an aliquot of each sample by a stream of nitrogen gas and the sample was 
redissolved in iso-hexane to a concentration of 20 ± 1 mg/mL. 
 52 
The principle of the method is based on the oxidation of ferrous ion (Fe2+) to ferric ion 
(Fe3+) by lipid hydroperoxides in an acidic medium. Ferric ion then reacts with thiocyanate 
forming a pink complex:  
 
2 3LOOH Fe Fe LO OH+ + −+ → + • +  
( )( ) 23 2 2 55Fe SCN H O Fe SCN H O ++ −   + + →     
 
This pink complex shows strong absorption at 500 nm and is determined 
spectrophotometrically. Standard curve is based on Fe3+ solution. 
Each product was analysed in triplicate and the results were expressed in meq peroxide 
O2/kg fat as the mean value ± standard deviation. 
3.3.5 Thiobarbituric acid reactive substances 
Thiobarbituric acid reactive substances (TBARS) evaluate the secondary oxidation 
products. TBARS of the isolation products were analyzed according to the spectrophotometric 
method described by Ke et al. [107]. The amounts of the solutions used were reduced to half 
compared to the original method. 
The principle of the method is the reaction between one molecule of malonaldehyde 
(oxidation product) and two molecules of thiobarbituric acid forming a pink complex [18] 
(see Figure 23): 
 
Figure 23: Reaction between thiobarbituric acid and malonaldehyde [18] 
 
The intensity of this complex is measured at 530 nm. 
The amount of TBARS in samples was determined by comparison of absorbance values 
for samples with absorbance values for the standard curve prepared for 1,1,3,3-
tetraethoxypropane (TEP). 
The sample analysis was performed in triplicate. The amount of TBARS was expressed as 
µM TBARS/g fat as the means value ± standard deviation. 
3.3.6 p-anisidine value 
p-anisidine value (AV) measures secondary oxidation products – reactive aldehydes. AV 
of the isolation products was determined according to AOCS Official method Cd 18-90 [108]. 
This method measures the amount of aldehydes (mainly 2-alkenals and 2, 4-alkadienals) in 
fats and oils, by the reaction of aldehydic compounds in a sample and the p-anisidine. 
Absorbance of the final yellowish reaction product mixture is measured at 350 nm. 
The sample analysis was performed in triplicate. AV was expressed as AV/g fat as the 
mean value ± standard deviation. 
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3.3.7 Total carotenoids 
The isolation products were analyzed for a total carotenoid content as described by Tolasa 
et al. [109]. The recommended concentration of oil/phospholipids in n-hexane (for the 
solution to be analyzed) was 50 mg/mL. To avoid too high colour intensity and therefore too 
high absorbance (because the samples contained different amount of carotenoids), solutions 
with lower concentrations were prepared directly by taking smaller (than recommended) 
amounts of samples. This means, that PL1 and PL2 were dissolved to a 50 mg/mL 
concentration, OIL and OIL1 were dissolved to a 12.5 mg/mL concentration and OIL2 was 
dissolved to a 16.67 mg/mL concentration. The absorbance was measured at 472 nm. 
The content of carotenoids (as astaxanthin and canthaxanthin) was calculated using the 
absorption coefficient E = 2100. The samples were analyzed in triplicate. The carotenoid 
content was expressed as µg of carotenoids/g fat as the mean value ± standard deviation. 
Another method, by Sachindra et al. [110], was employed for carotenoids determination, 
using petroleum ether as a slovent. However, the results are not shown, which will be 
explained in part Results and discussion. 
3.4 Oxidation experiments – oxygen uptake measurement 
As a method to study lipid oxidation, measurement of oxygen uptake was employed. 
Concentration of dissolved oxygen in liposomes was measured continuously by 
a polarographic oxygen electrode. The fact that the measurements can be done continuously, 
makes this technique very advantageous. 
In this system, the catalytic activity of different pro-oxidants can be studied alongside with 
effects of antioxidants (both hydrophilic and lipophilic), different salts and/or different pH 
[7]. 
When a promoter or an antioxidant is added to the system, its effect can be seen 
immediately – the oxygen uptake will alter (increase or decrease) or will remain the same. 
The consumption of the dissolved oxygen is then used to calculate the oxygen uptake rate 
(OUR) that reflects the rate of lipid oxidation.  
3.4.1 Oxygraph 
The oxygraph system (Figure 24) consists of an electrode (a) which is mounted on a 
control unit (b). The electrode disk (c) forms the bottom of the whole reaction cell (d) into 
which liposomes (or different reaction mixtures) can be pipetted. A magnet (e) is put into the 
reaction cell to stir the reaction mixture and to facilitate equal distribution of oxygen in the 
whole volume of the reaction mixture. A plunger (f) is employed to prevent oxygen diffusion 
from the atmosphere. A capillary canal (g) in the plunger serves for injection of different 
reactants into the mixture during measurements. The reaction cell is water-jacketed, so it is 
possible to adjust the temperature at which the experiment is run. The water is circulated in 
hoses which connect the jacket with a water bath [10]. 
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Figure 24: Scheme of the oxygraph system [10] 
 
The oxygen electrode (Figure 25) consists of a platinum cathode and a silver anode. The 
electrodes are connected by an electrolyte bridge which is made by pouring a small volume of 
the electrolyte solution (3M KCl) on the dome part of the electrode which is held by a paper 
spacer and a polytetrafluoroethylene membrane. Then, a stable polarizing voltage from the 
control box is applied on the electrodes. This causes ionization of the electrolyte; and current 
flows through the electrolyte. The magnitude of this current flow is proportional to the 
concentration of oxygen dissolved in the electrolyte, which is in turn proportional to the 
oxygen concentration in the surrounding reaction mixture (solution in the cell) [10].  
 
 
 
Figure 25: Electrode disc [111] 
 
3.4.2 Reaction conditions 
All the experiments were performed at 30°C and pH 5.3 – 5.6. At pH ∼ 5.5 a maximum 
OUR was observed for Hb- and free iron-mediated oxidation in liposomes [43] and therefore 
this value was chosen as a working pH in this study. The pH value of the reaction mixture 
was verified after the experiments. 
The concentration of the liposome solution was 1.5 % (1.5 mg/mL). 
The volume of the reaction mixture was 1 mL. 
MES solution (5 mM) was prepared by diluting appropriate amount of MES in distilled 
water and adjusting pH at 5.5 by a few drops of 1 M NaOH. 
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3.4.2.1 Reactants 
TPP solution (250 mM) was prepared by diluting appropriate amount of TPP in 
chloroform. TPP solution was stored in a refrigerator. 
Stock solutions (0.02 M) of Fe2+ (FeCl2·4H2O) and Fe3+ (FeCl3) in 0.5 M HCl were 
prepared monthly. Because of possible autoxidation of Fe2+ at higher pH, acidic solutions 
were made. The working solutions (0.5 mM) of Fe2+ and Fe3+ were prepared daily by diluting 
appropriate amount of stock solution with MES solution. 
Working solution of bovine hemoglobin (0.001 g/mL corresponding to 15.5 µM) was 
prepared daily by dissolving appropriate amount of bovine hemoglobin in MES solution. 
EDTA (ethylenediamine tetraacetic acid) solution (1.71 mM) was prepared by diluting 
appropriate amount of EDTA in MES solution. 
Stock solution of ascorbic acid (AsA) (100 mM) was prepared in MES solution, stock 
solution of caffeic acid (CaA) (100 mM) was prepared in 96% ethanol. These solutions were 
kept refridgerated. Working solutions (5 mM) of these reactants were prepared freshly before 
running the experiments by diluting appropriate volume of the stock solution in MES 
solution. 
Stock solutions of lipid-soluble antioxidants astaxanthin (0.2 mM, 2 mM), α-tocopherol 
(4.6 mM), δ-tocopherol (5.1 mM) and L-ascorbic acid-6-palmitate (4.8 mM) were prepared 
by dissolving appropriate amount of the substance in chloroform. 
Concentrations of prooxidants and water-soluble antioxidants used in experiments were 
calculated and expressed as a final concentration of the compound in the reaction mixture 
(1 mL), see Table 2 and Table 3. The concentration of lipid-soluble AOX was expressed as 
the AOX concentration in phospholipids (because of the type of their solubility), and was 
0.1% and 1.0%. 
Stock solution of H2O2 (0.001 mol/L) was prepared by diluting appropriate amount of the 
concentrated solution (30% H2O2). Working solutions (0.062 µmol/L) were prepared freshly 
before experiments.  
During measurements of dissolved oxygen concentration, background oxygen uptake rate 
(OUR) was observed for first 2 – 4 minutes (r0). This was the oxygen uptake rate for liposome 
solution itself. 
3.4.2.2 Hemoglobin 
After that, for the first set of measurements, hemoglobin was added in five different 
amounts/concentrations – 10 µL, 20 µL, 40 µL, 60 µL and 80 µL of Hb solution, 
corresponding to a certain amount of Hb-iron (see Table 2). 
After Hb addition, a fast decrease of dissolved oxygen concentration was observed. This 
decrease was characteristic for each Hb concentration (and for each antioxidant and each 
concentration in other experiments). 
3.4.2.3 EDTA 
Concerning EDTA, double the amount of EDTA relative to the Hb-Fe amount (see 
Table 2) was added to the reaction mixture at different stages – it was added before Hb or 
after addition of Hb. Based on these experiments (discussed in section 4.2.4), it has been 
decided to add EDTA to the liposome solution before addition of any other reactant. 
Therefore, after observing the background oxygen uptake rate for liposomes, EDTA was 
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added and a background OUR (r1) was observed again until it was constant. Then, Hb was 
added and the OUR was observed (r2). 
 
Table 2: Amounts of hemoglobin and EDTA used in the experiments 
V (Hb solution) 
(µL) 
c (Hb) in 
reaction cell 
(µM) 
c (Hb-Fe) in 
reaction cell 
(µM) 
c (Hb-Fe) 
(ppm) 
V (EDTA 
solution)  
(µL) 
10 0.16 0.62 0.03 7 
20 0.31 1.24 0.07 15 
40 0.62 2.48 0.14 30 
60 0.93 3.72 0.21 45 
80 1.24 4.96 0.28 60 
 
Table 3: Amounts of antioxidants and TPP used in the experiments 
 c (AOX) in 
reaction cell 
(µM) 
c (TPP) in 
1.5% liposomes 
(µM) 
c (Hb) in 
reaction cell 
(µM) 
c (Hb-Fe) in 
reaction cell (µM) 
AsA 25 - 0.62 2.48 
 50 - 0.62 2.48 
CaA 50 - 0.62 2.48 
 100 - 0.62 2.48 
TPP - 200  0.62 2.48 
 - 200 1.24 4.96 
0.62 2.48 Astaxanthin 
0.1 % 
- - 
0.93 3.72 
0.62 2.48 Astaxanthin 
1.0 % 
- - 
0.93 3.72 
0.62 2.48 Ascorbyl 
palmitate 0.1 % 
- - 
0.93 3.72 
0.62 2.48 Ascorbyl 
palmitate 1.0 % 
- - 
0.93 3.72 
α-tocopherol 
0.1 % 
- - 0.62 2.48 
δ-tocopherol 
0.1 % 
- - 0.62 2.48 
0.62 2.48 α-tocopherol 
1.0 % 
- - 
0.93 3.72 
0.62 2.48 δ-tocopherol 
1.0 % 
- - 
0.93 3.72 
 
3.4.2.4 Thermal denaturation 
In subsequent experiments the influence of thermal denaturation of Hb on its pro-oxidant 
activity was investigated. Hb solution was heated in a boiling water bath for 10 minutes. After 
it cooled down, it was used for the experiments. 
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3.4.2.5 TPP (triphenylphosphine) 
Liposomes prepared with TPP were prepared from phospholipids that had been mixed with 
TPP in chloroform. The preparation procedure is described in section 3.2 Liposome 
preparation. Final concentration of TPP in the 1.5% liposome solution was 200 µM. TPP was 
used in the experiment where the influence of this peroxide scavenger was studied. TPP was 
added to PL to reduce the amount of pre-existing lipid peroxides. TPP is known to break 
down peroxides to alcohols and has been reported to be an effective scavenger of pre-existing 
lipid peroxides in liposomes [112]. The reason for utilizing TPP was the assumption that 
metHb needs to be activated by H2O2 or lipid peroxides to be an effective prooxidant, 
therefore the oxidation reaction would be dependent on the concentration of pre-existing lipid 
hydroperoxides. 
3.4.2.6 Water-soluble antioxidants 
For experiments with water-soluble antioxidants (CaA, AsA), the order of addition of 
reactants was as follows: liposomes and their background OUR was observed (r0). Then, 
EDTA was added and background OUR was observed again until it became constant. Then, 
the antioxidant was added to the system and the background OUR was observed again. When 
a constant background OUR was reached (r1), Hb was added. 
3.4.2.7 Lipid-soluble antioxidants 
For experiments with lipid-soluble antioxidants, a calculated appropriate amount of an 
antioxidant stock solution was added to the concentrated phospholipids so that the final 
concentration of the AOX in phospholipids was 0.1% and 1.0%. The solvent was evaporated 
by a stream of nitrogen gas and then, the PL were kept under vacuum for 1 hour. Then the 
procedure of liposomes preparation was the same as described in part 3.2 Liposome 
preparation. The order of addition of reactants was as follows: liposomes containing a lipid-
soluble antioxidant, then EDTA and then Hb. 
3.4.2.8 Experiments without the presence of light 
To study the the role of hemoglobin as a photosensitizer and therefore the influence of 
singlet oxygen on oxidation of marine liposomes, several experiments without the presence of 
light were carried out. The reaction cells were covered with aluminium foil during the 
reactions. For these experiments liposomes were prepared as usual.  
3.4.2.9 Reaction with hydrogen peroxide (H2O2) 
The reaction of metHb with H2O2 leads to formation of hypervalent iron species 
(perferrylhemoglobin and ferrylhemoglobin). Perferrylhemoglobin rapidly transforms to 
ferryl hemoglobin, which is an initiator of lipid oxidation [55]. In our experiments reactions 
between metHb with H2O2 were carried out to see if the rate of oxidation is enhanced by 
formation of the hypervalent iron species in our model system. 
3.4.3 OUR measurement 
The OUR of the overall oxidation (r2) was measured after the addition of Hb as pro-
oxidant. 
An example of an OUR measurement is shown in Figure 26. 
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For evaluation of Hb prooxidative activity, the rate of catalyzed oxidation was compared 
with the rate of non-catalyzed oxidation. To evaluate the effect of an antioxidant, the rate of 
oxidation of liposomes containing an antioxidant was compared with the rate of oxidation of 
liposome solution without AOX. 
 
Figure 26: Example of an oxygen uptake rate measurement 
 
Three parallel measurements were run for each type of experiment. Oxygraph software 
“oxy32” and MS Excel were used for data and graphs processing and statistical analysis. 
3.4.4 Graph processing 
Figure 27 (green curve) shows an oxygen uptake rate measurement as recorded by the 
Oxygraph software. In the experiments, where the oxygen concentration reached zero, the 
plunger was removed and the mixture was bubbled with a Pasteur pipette to replenish the 
dissolved oxygen. This bubbling can be seen as a rapid increase of oxygen concentration. 
Then, the reaction proceeded further and was observed for a longer period of time. 
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Figure 27: An example of the original and processed graph of an oxygen uptake rate 
measurement in a liposome solution with added Hb as a prooxidant. The processed graph is 
made by connecting the parts before and after the addition of oxygen and removing the parts 
in between 
 
A file from each measurement was saved as ASCI file using the Oxygraph software and 
the curve was processed in MS Excel. In the next step, parts of the curve when bubbling was 
done were connected to give one continuous graph. Therefore the continuous graph is made 
by connecting the parts before and after the addition of oxygen and removing the parts in 
between. The y-values were shifted so that the whole curve is situated in the first quadrant of 
the field. Therefore the oxygen concentration was termed total (sum) oxygen concentration. 
The original and processed graph with Hb as a prooxidant is shown in Figure 27.  
 
In the third step the so called functional region of the curve was chosen, which is the main 
part of the curve beginning at the moment of Hb addition and ending when the oxygen uptake 
rate reached the background OUR (apparently the oxidation is not catalyzed anymore in this 
phase). The moment of Hb addition was set as a zero time (x-axis shift). Exponential function 
was chosen (see Figure 28) as the most suitable function: 
bxY A e−= ⋅  
Parameter b was used for calculating the average value, which was named k – a rate 
constant. This constant was divided by the concentration of Hb in the cell (µM), and this 
number was called specific rate. The specific rate then served for comparison with the 
specific rates k of individual experiments, evaluation of the prooxidant or antioxidant activity 
of the compounds employed and evaluation of effects of various reaction conditions. If the 
difference between the k values was lower than 5 %, it was concluded that no effect on the 
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control curve was observed. The other two conclusions are: the specific rate k was either 
inhibited (i. e. the changed conditions have an antioxidative effect) or increased (i. e. the 
changed conditions have a prooxidative effect). 
 
Figure 28: An example of a processed curve with a suitable trendline and its equation 
 
3.5 List of chemicals 
The following chemicals were supplied by Sigma-Aldrich Chemie GmbH (Steinheim, 
Germany): 
o Caffeic acid 
o Astaxanthin, ≥92% 
o δ-tocopherol, 90% 
o Hemoglobin from bovine blood – methemoglobin 
o L-ascorbic acid-6-palmitate, 94,6% 
o 2-methyl-pentane 
o 2-(N-morpholino)ethanesulfonic acid (MES), ≥99,5% 
o Sodium dithionite (Na2S2O4) 
o 1,1,3,3-tetraethoxypropane (TEP) 
o 2-thiobarbituric acid (TBA) 
o Trichloracetic acid (TCA) 
o Sodium sulphite (Na2SO3) 
 
The following chemicals were supplied by Merck KGaA (Darmstadt, Germany): 
o Acetic acid 
o Acetone 
o Ammonium thiocyanate (NH4SCN) 
o DL-α-tocopherol, 98,2% 
o Chloroform, p.a. 
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o Ethanol 
o Ferrous chloride tetrahydrate (FeCl2·4H2O), >99% 
o Hydrochloric acid (HCl) (37%) 
o Hydrogen peroxide, >30% 
o Methanol 
o n-hexane, p. a. 
o Potassium chloride (KCl) 
o Sodium hydroxide (NaOH), >99,98% 
 
The following chemicals were supplied by Riedel de Haën (Seelze, Germany): 
o Ferric chloride anhydrous (FeCl3), p. a. 
 
The following chemicals were supplied by Fluka Chemie (Buchs, Germany): 
o IDRANAL II (ethylenediaminetetraacetic acid, EDTA), ≥99,5% 
 
Nitrogen (N2) gas was supplied by ASA AS, Oslo, Norway. 
3.6 List of instruments 
The following instrumental devices were used: 
o Mettler AE200 electronic balance (Mettler – Toledo International, Inc., USA) 
o PRECISA 1000C – 3000D electronic balance (PAG Oerlikon AG, Zürich, 
Switzerland) 
o Mettler AG204 Delta Range analytical balance (Mettler – Toledo International, Inc., 
USA) 
o Ultra Turrax homogenizer (IKA Works, Inc., Staufen, Germany) 
o Heidolph LABOROTA 4000 rotavapor (Heidolph Instruments, GmbH & Co., KG, 
Schwabach, Germany) 
o Büchi Rotavapor R-200 (Büchi Labortechnik AG, Switzerland) 
o Büchi Heating Bath B-490 (Büchi Labortechnik AG, Switzerland) 
o Heto Heating Bath (Birkerød, Denmark) 
o Sorvall RC5C centrifuge (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
o Sorvall RC5B PLUS centrifuge (Thermo Fisher Scientific Inc., Waltham, MA, 
USA) 
o Vibra Cell sonicator (Sonics & Materials Inc., USA) 
o MS2 Minishaker vortex (IKA Works, Inc., USA) 
o Magnetic stirrer VMS-A (VWR Inc., SAS, France ) 
o TitraLab station TIM90 Titration Manager (Radiometer analytical SAS, Denmark) 
o Glass electrode LIQ-GLASS 238000/08 (Hamilton Co., Reno, USA) 
o pH meter pH3110 (WTW, Weilheim, Germany) 
o pH-electrode SenTix41 (WTW, Weilheim, Germany) 
o Oxygraph system (Hansatech Instruments Ltd., Norfolk, UK) 
o Ultrospec 2000 UV/Visible spectrophotometer (Amersham Pharmacia Biotech Inc., 
Sweden) 
o VARIAN 50 Bio UV-Visible spectrophotometer (Varian Inc., The Netherlands) 
o Fison 8160 capillary gas chromatograph (Fisons Instruments S.p.A., Milan, Italy) 
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o fused silica capillary column Omegawax 320 (Supelco Inc., Bellefonte, 
Pennsylvania, USA) 
o Iatroscan TLC-FID analyzer TH-10 MK-IV, Iatron Laboratories Inc., Tokyo, Japan) 
o Finnpipette pipettes (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
o Finnpipette pipettes (Thermo LabSystems Inc., Beverly, MA, USA) 
o Microliter syringe #705 (Hamilton, Bonaduz, Switzerland) 
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4 RESULTS AND DISCUSSION 
4.1 Analysis of isolation products 
4.1.1 Composition of the isolation products, purity of final phospholipids 
The oil (total lipids) was extracted from cod roe. The marine phospholipids that were used 
for preparation of liposomes were isolated from the total lipids. Two precipitation steps were 
employed to obtain phospholipids with as high purity as possible. The precipitation steps 
removed triacyglycerols (TAG), diacyglycerols (DAG), monoacylglycerols (MAG), free fatty 
acids, cholesterol and a substantial portion of carotenoids. 
The mass balance of the isolation and extraction processes is given in Table 4. From the 
total amount of 6156 g of the roe, 218.3 g of oil (total lipids) was obtained, which is 35.5 g of 
oil per kg of cod roe; and this is 3.55 % of the cod roe mass. From the cod roe, the yield of 
59.4 g of final phospholipids (PL2) was obtained, which is 9.64 g of PL2 per kg of cod roe, 
and this is 0.96 % of PL2 of the cod roe weight. 
The main constituents of fish roe are proteins, lipids and water. They show considerable 
differences in their relative proportions among various fish species. Lipids in our isolation 
comprised 3.55 % of the cod roe mass. For example, Kaitaranta and Ackman [22] have 
reported lipid content of various fish roe in the range 2.4 – 9.2 % of the roe weight (on a wet 
weight basis), whereas Falch et al. [113] reported lipid content of roe from saithe (Pollachius 
virens) to be 5.7 %. 
 
Table 4: Mass balance of the isolation and extraction processes 
 OIL OIL1 OIL2 PL1 PL2 
Yield in 
g/kg of cod 
roe 
35.5 22.3 3.2 12.4 9.6 
Yield in % 
of cod roe 
weight 
3.55 2.23 0.32 1.24 0.96 
 
The composition of the total lipids (OIL), intermediate products (OIL1, OIL2, PL1) and 
final phospholipids (PL2) were determined using the Iatroscan TLC-FID analyzer. 
 
The composition of the isolation products is shown in Table 5. The extracted oil contained 
75 ± 8 % of phospholipids. The final phospholipids contained 96.4 ± 0.3 % of phospholipids 
(which is in agreement with analysis of cod roe PL carried out by Mozuraityte et al. [10], who 
reported that the phospholipid content in final PL ranged from 96 to 99.4 %). The final 
phospholipids also contained small amounts of free fatty acids, diacylglycerols and 
cholesterol. Other compounds (cholesterol esters, triacylglycerols, monoacylglycerols) were 
not detected in PL2. High amount of phospholipids was lost during the isolation procedure 
and the acetone precipitation steps, because OIL1 and especially OIL2 contain high amounts 
of PL, 44 ± 4 % and 76 ± 1 %, respectively. Phospholipids were not further isolated from 
OIL1 and OIL2. 
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Falch et al. [113] analyzed the chemical composition of roe from saithe (Pollachius virens) 
and found out that PL made 84.5 % of total lipids. 
Figure 29 shows an example of an Iatroscan chromatogram. 
 
Table 5: Composition of the isolation products gained during the isolation of phospholipids 
% 
 
Lipids 
Choles-
terol 
esters 
Triacyl-
glycerols 
Free 
fatty 
acids 
Diacyl-
glycerols 
Cholesterol Monoacyl-
glycerols 
Phospho-
lipids 
OIL 1.3 8 ± 2 6 ± 2 nd 10 ± 2 2.6 75 ± 8 
OIL1 2.9 ± 0.2 25 ± 1 11 ± 3 nd 15.9 ± 0.6 nd 44 ± 4 
PL1 nd* 1.4 2.7 nd 9.7 nd 86.3 
OIL2 0.604 ± 
0.003 
4.40 ± 
0.06 
6.51 ± 
0.02 
nd 12.6 ± 0.9 nd 76 ± 1 
PL2 (final 
PL) 
nd nd 1.6 ± 
0.4 
1.2 ± 0.2 0.9 ± 0.3 nd 96.4 ± 
0.3 
Results are expressed in % as the mean value ± standard deviation; * not detected. 
 
 
 
Figure 29: Iatroscan chromatogram of PL2, from left free fatty acids peak (1), 
diacylglycerol peak (2), cholesterol peak (3) and phospholipid peaks (4, 5) 
 
As can be seen from this chromatogram, the phospholipid peak was separated into two 
peaks indicating that the phospholipids comprise two classes of PL – probably 
phosphatidylcholine (PC) and phosphatidylethanolamine (PE). 
 
4.1.2 Composition of PL2 determined by HPLC-CAD 
The composition of PL2 was determined also by HPLC-CAD analysis. The composition of 
PL2 is shown in Table 6. 
The isolated PL2 contained 22.9 % of phosphatidylethanolamine (PE) and 3.2 % of 
lysophosphatidylethanolamine (lysoPE), 59.9 % of phosphatidylcholine (PC) and 2.9 % of 
lysophosphatidylcholine (lysoPC). 
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Table 6: Composition of PL2 analyzed by HPLC-CAD 
% 
 
Lipids 
PE lysoPE PC lysoPC 
PL2 22.9 3.2 59.9 2.9 
 
Figure 30 shows the HPLC-CAD chromatogram of PL2. Besides PE, lysoPE, PC and 
lysoPC, three other peaks (11.1 % in total) can be seen on the chromatogram. These 
substances are unknown, because only four standards were available at the time of analysis. 
However, these peaks might represent (from left) cholesterol, TAG and astaxanthin. 
 
 
Figure 30: HPLC-CAD chromatogram of PL2 analysis, from left: two unknown peaks, PE 
peak, lysoPE peak, unknown peak, PC peak and lysoPC peak 
 
When comparing Iatroscan analysis versus HPLC-CAD analysis, it can be conluded that 
each method has different limit of detection, e. g. in Iatroscan determination, TAG were not 
detected in PL2. HPLC-CAD is a very suitable method for phospholipid separation.  
4.1.3 Fatty acid profile of OIL and PL2 
Fatty acid composition of extracted oil (OIL) and final phospholipids (PL2) was 
determined by gas chromatography (GC) of their fatty acid methyl esters (FAMEs). 
The fatty acid composition of OIL and PL2 is given in Table 7 and presented in detail in 
Figure 31. 
The main fatty acid both in OIL and PL2 was DHA (docosahexaenoic acid, C22:6 n-3) 
followed by palmitic acid (C16:0). For OIL, the third and fourth most abundant fatty acid was 
EPA and oleic acid, respectively; for PL2 it was oleic acid and EPA, respectively. The content 
of PUFA was 48.6 ± 0.5 % in OIL and 46.0 ± 0.3 % in PL2 (in % of the total fatty acids). 
Among PUFA, EPA and DHA were the main constituents. As comparison, Cervera et al. 
[114] have reported, that PUFA from cod roe (Gadus morhua) made up to 36.1 ± 0.8 % of 
total saponifiable oil. In contrast to our analysis, Cervera et al. [114] have reported, that 
linoleic acid (18:2 n-6) was the main PUFA (and made up 11.8 ± 0.2 % of total saponifiable 
oil), but closely followed by DHA, which made up to 10.3 ± 0.3 % of total saponifiable oil. 
The disagreement for the main PUFA being linoleic acid, can be explained by different origin 
of the cod roe. 
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Table 7: Fatty acid composition of OIL and PL2 
% of total fatty acids 
Lipids OIL PL2 
Saturated 21.9 ± 0.9 26.6 ± 0.4 
  - palmitic acid 18.3 ± 0.7 21.0 ± 0.2 
Monounsaturated 24.6 ± 0.3 23.11 ± 0.07 
  - oleic acid 13.0 ± 0.1 12.81 ± 0.08 
Diunsaturated 1.03 ± 0.03 0.71 ± 0.04 
Polyunsaturated: 48.6 ± 0.5 46.0 ± 0.3 
  - DHA 30.5 ± 0.1 30.53 ± 0.02 
  - EPA 14.44 ± 0.08 12.25 ± 0.02 
unknown 3.9 ± 0.1 3.55 ± 0.03 
Results are expressed in % as the mean value ± standard deviation. 
 
 
Figure 31: Fatty acid composition of OIL and PL2 
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Values similar to this study, have been reported by Mozuraityte et al. [115], who made 
different phospholipid preparations from five batches of cod roe – the content of saturated 
fatty acids ranged 24.8 – 35.5 %, monounsaturated fatty acids ranged 22.3 – 35.1 %, and 
PUFA ranged 31.5 – 52.9 % of the total fatty acids in phospholipids. 
Falch et al. [113] analyzed the chemical composition of roe from saithe (Pollachius virens) 
and reported the following percentages of fatty acids (as % of total fatty acids) – saturated 
FA: 25.6 %, monounsaturated FA: 48.4 %, PUFA: 26.0 %, DHA: 31.7 %, EPA: 12.0 %. In 
comparison with our study the amounts of monounsaturated FA and PUFA are quite different, 
but the results for saturated FA, DHA and EPA are very similar. The differences are probably 
due to different species analyzed. 
4.1.4 Peroxide value, TBARS and anisidine value 
Peroxide value (PV), TBARS and anisidine value (AV) show the degree of oxidation of 
the extracted oil and the isolation products. These tests enable estimation of how the isolation 
procedure and storage conditions influenced the degree of oxidation of the lipid matrix. 
Table 8 shows peroxide values, TBARS and AV of the isolation products. 
 
Table 8: Peroxide values, TBARS and AV of the isolation products (OIL, OIL1, OIL2, PL1 
and PL2) 
 OIL OIL1 OIL2 PL1 PL2 
PV (meq 
peroxide 
O2/kg fat) 
8.4 ± 0.3 9.3 ± 0.2 10.6 ± 0.7 7.5 ± 0.3 4.9 ± 0.4 
TBARS 
(µmol/g fat) 0.27 ± 0.01 0.22 ± 0.03 0.22 ± 0.03 0.21 ± 0.01 0.47 ± 0.05 
AV 1.9 ± 0.7 5.0 ± 0.9 3.2 ± 0.3 9.5 ± 0.3 13.3 ± 1.0 
Results are expressed as the mean value ± standard deviation. 
 
The peroxide values of the isolation products differed. The PVs of PL1 and PL2 were 
significantly lower than PVs of the OIL fractions. This is surprising because PL1 and PL2 
contain less carotenoids than the OIL fractions. Carotenoids, which act as antioxidants, were 
partly removed from PL during the acetone precipitation procedure. A possible explanation 
can be that molecules with peroxide groups concentrated in the OIL fractions. As peroxides 
are polar compounds, it is likely that they have better solubility in acetone and therefore most 
of them did not precipitate. 
Peroxide content is the net result of the rate of peroxide formation and the rate of their 
decomposition. The decomposition pathways of peroxides are numerous and lipid oxidation 
gives many end products from one peroxide molecule. Therefore analyzing only one or few 
oxidation products might be misleading. 
TBARS, characterizing the secondary oxidation products (volatile aldehydes) were very 
low (comparison can be done with Mozuraityte [10] and Kristinova [48]). This indicates that 
keeping the phospholipids dissolved in chloroform and stored at low temperatures 
(in a freezer) provides suitable conditions for protection against significant oxidation 
development. 
However, TBARS of final phospholipids (PL2) were higher, which might indicate, that the 
second precipitation negatively influenced the quality of PL2. This is probably because of 
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further manipulation with the fraction – contact with surrounding oxygen and exposure to 
higher (than in the freezer) temperatures. 
Anisidine value determines the content of non-volatile aldehydes and was highest for PL2. 
This is consistent with the TBARS for PL2 from the point of view of the secondary oxidation 
development. 
The primary oxidation products are normally measured with the peroxide value test (PV) 
and the secondary products with p-Anisidine test. Anisidine value (AV) represents the level of 
non-volatile aldehydes, primarily 2-alkenals and 2, 4-alkadienals present in the fat. On the 
contrary, other tests (TBARS) consider the volatile portion of aldehydes and, due to their 
intrinsic variable nature, give results that are less reliable. We can say that peroxide value 
indicates the actual oxidative status in fat matrix but anisidine value indicates its history from 
the oxidative point of view. These two values can be combined into the so-called total 
oxidation or TOTOX value: 
Totox = AV + (2 x PV) 
The TOTOX number is commonly used in the industry to describe the oxidative state of 
oil. It has the advantage of combining evidence of both the history of oil and its present state. 
However, the TOTOX value does not have any sound scientific bases, because it combines 
variables with different dimensions [18]. 
4.1.5 Total carotenoids 
The isolation products were analyzed for a total carotenoid content. Carotenoids are 
a group of fat-soluble pigments distributed widely in nature, and among aquatic animals, 
carotenoids are responsible for the orange colour of fish meat. Carotenoids also act as 
antioxidants. The carotenoid content of isolation products is given in Table 9. 
 
Table 9: Content of carotenoids in the isolation products (OIL, OIL1, OIL2, PL1 and PL2) 
 OIL OIL1 OIL2 PL1 PL2 
µg of 
carotenoids/g 
fat 
68 ± 4 117 ± 3 42.3 ± 0.7 22.6 ± 0.3 15 ± 1 
Results are expressed as the mean value ± standard deviation. 
 
As discussed in section 4.1.1, a large portion of carotenoids was removed by the acetone 
precipitation of OIL and later, by the second acetone precipitation of PL1. It can be seen from 
the method by Tolasa et al. [109] and another method [110] (where the qualitative and 
quantitative distribution of carotenoids in different body components of four species of 
shrimp was assessed) that in both methods, carotenoids were extracted from the homogenized 
samples using acetone. During the precipitation steps in our procedure, a large portion of 
carotenoids was present in the acetone extracts. This is in agreement with the carotenoid 
content in different isolation products – during the first precipitation, most carotenoids from 
OIL were extracted into acetone, which is OIL1 fraction. PL1 fraction contains lower amount 
of carotenoids than OIL1. Also for the second precipitation, larger portion of carotenoids 
from PL1 was extracted into acetone and is therefore present in OIL2 fraction. OIL2 contains 
higher amount of carotenoids than PL2. 
Nevertheless, calculating the mass balance of carotenoids revealed that the mass balance 
did not fit. The sum of carotenoid content in OIL1 and PL1 should give the carotenoid content 
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in OIL; and the sum of carotenoid content in OIL2 and PL2 should give carotenoid content of 
PL. Another method for carotenoid determination was therefore employed [110], using 
petroleum ether as a solvent. However, data for carotenoid content are not shown because of 
an imprecise weighing of samples. Despite of this, the carotenoid content was calculated and 
gave lower amounts of carotenoids than the first method. But the tendency of the data was the 
same (see Figure 32), the first method with n-hexane as a solvent gave results that were 
decreased by 33 – 47 % compared to the method using petroleum ether. A possible 
explanation for these discrepancies might be that different types of carotenoids accumulate in 
different fractions or different types of carotenoids are present in our samples (detailed 
carotenoid composition of our samples is not known) - in method using n-hexane, astaxanthin 
and canthaxanthin were determined, whereas in the method using petroleum ether, the 
carotenoids were: astaxanthin and its mono- and diesters, β-carotene and zeaxanthin. 
 
Figure 32: Comparison of two methods for carotenoid determination 
 
4.2 Oxidation experiments in a liposome system 
Liposomes have been used extensively as model membranes. The advantages of using 
liposomes are partly described in section 2.2.4.3, the reason for choosing hemoglobin as a 
lipid oxidation catalyst is given in the Introduction to the thesis. Advantages of using 
liposomes as a model system for study of lipid peroxidation are: due to the bilayer vesicular 
structure, liposomes resemble cell membranes; they can also imitate emulsions stabilized by 
phospholipids. In the liposome system, manipulation with the lipid composition, pH, 
temperature and addition of various reactants is possible. It has been found that the only lipids 
in lean fish muscle are phospholipids of cell membranes, therefore marine phospholipids can 
be used for study of oxidation of fish meat matrices [10, 116]. 
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4.2.1 Control experiments without liposomes 
Control experiments without liposomes were performed (graphs not shown) to prove that 
liposomes are the oxidizable substrate in the reactions. The amounts of the substances used in 
these control experiments were those used in the other experiments. 
In the first experiment 0.5 mL of MES solution and 0.5 mL of Hb solution were put into 
the reaction cell and when the OUR became constant, 45 µL of EDTA was added. After the 
addition of EDTA no change in the consumption of dissolved oxygen was observed. 
In the second experiment 1 mL of MES solution was put into the reaction cell and when 
the OUR became constant, 45 µL of EDTA was added. After the addition of EDTA no change 
in the consumption of dissolved oxygen was observed. 
In the third experiment 1 mL of MES solution was put into the reaction cell and when the 
OUR became constant, 60 µL of Hb was added. After the addition of Hb no change in the 
consumption of dissolvedoxygen was observed. This means that Hb had no substrate to 
oxidize. 
In the fourth control experiment 1 mL of MES solution was put into the reaction cell and 
when the OUR became constant, 60 µL of Hb was added and then 45 µL of EDTA was 
added. No change in the consumption of dissolved oxygen was observed. This means that Hb 
had no substrate to oxidize. 
After these outcomes it can be concluded that liposomes is the oxidizable substrate in the 
reactions investigated in our study and that neither MES solution, nor EDTA nor Hb have 
influence in the absence of liposomes. 
4.2.2 Oxidation of liposomes, addition of Fe2+, Fe3+ and Hb 
Iron (Fe2+ and Fe3+) and bovine methemoglobin (metHb) were used as prooxidants in lipid 
oxidation in liposomes, whereas metHb was the main catalyst investigated. Fe2+ and Fe3+ 
were used for some comparison experiments, because Hb contains iron atoms. Oxygen 
consumption by liposomes themselves and after addition of prooxidants is shown in Figure 33 
and 34. 
Before addition of any reactant, a slow and linear decrease in concentration of dissolved 
oxygen was observed. This is consumption of oxygen by liposomes themselves and the 
oxygen uptake rate (OUR) of liposomes is referred to as the background OUR. This initial 
activity of liposomes can be explained by the presence of pre-formed peroxides and/or the 
presence of endogenous transition metals (e. g. Fe, Cr). Traces of these metals can 
contaminate liposome solution during sonication of phospholipids or might be present as 
contaminants in chemicals. 
When Fe2+ was added to liposomes an initial drop in concentration of dissolved oxygen 
was observed, which was followed by a slower, linear decrease in oxygen concentration. 
When Fe3+ was added to liposomes, no fast decrease in oxygen concentration was observed. 
The oxygen concentration decreased slowly a linearly. Mozuraityte et al. [10] explain that the 
fast decrease in oxygen concentration after addition of Fe2+ is due to oxidation of Fe2+ to Fe3+ 
by peroxides (via peroxide breakdown). This reaction is accompanied by production of 
alkoxy radicals which further propagate lipid peroxidation by chain branching leading to 
production of peroxides, which is accompanied by oxygen consumption. When equilibrium 
between Fe2+ and Fe3+ is achieved, a constant oxygen uptake rate is observed. Later, EDTA 
was added to the reaction mixture (in amount 2-times higher than the concentration of added 
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iron) resulting in a slower linear oxygen concentration decrease. This experiment confirmed 
the chelating properties of EDTA. 
 
 
Figure 33: Oxygen consumption of a 1.5% liposome solution; oxidation was catalyzed by 
Fe2+ (10 µM) and Fe3+ (10 µM); and inhibited by addition of EDTA (120µL) 
 
When Hb was added to liposomes, no initial drop in concentration of dissolved oxygen 
was observed (see Figure 34). This might be explained by the met-form of Hb, where iron is 
present in the Fe3+ state and also by the different and more complex pro-oxidant activity 
mechanisms of Hb (as described in section 2.3.1) compared to Fe. The oxygen consumption 
after addition of Hb was not constant. The fastest OUR was observed immediately after Hb 
addition. Then the oxygen concentration decreased slowly. As can be seen from Figure 14, 
the higher the concentration of Hb added, the faster the OUR. 
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Figure 34: Oxygen consumption of a 1.5% liposome solution; oxidation was catalyzed by 
metHb added in three different amounts (giving 0.31, 0.62 and 0.93 µM concentration in the 
reaction cell) 
 
4.2.3 Influence of EDTA on liposomes 
The influence of EDTA on the consumption of oxygen by liposomes was investigated and 
is also shown in Figure 33. In this control experiment only liposome solution was present in 
the reactions cells and EDTA was added later to the liposome solution. After addition of 
EDTA the OUR decreased and then was constant for the period of the experiment. This 
means that EDTA improves the background OUR of liposomes by chelating endogenous 
metals which are present in liposomes owing to sonication or as contaminants in chemicals 
(as already explained above in section 4.2.2). 
4.2.4 Addition of EDTA 
In subsequent experiments, EDTA was added to the liposome solution. EDTA was added 
in different stages – before addition of Hb (0.62 µM), shortly after addition of Hb and later 
after addition of Hb (i. e. in the second phase, after first bubbling), see Figure 35. It can be 
observed that EDTA slowed down the rate of oxygen consumption. In experiment when 
EDTA was added to the liposome solution prior to Hb, it has been observed that EDTA 
decreased the background OUR of liposomes. This can be attributed to the chelating function 
of EDTA, as liposomes contained endogenous transition metals (as discussed in section 
4.2.2). When all the curves with added EDTA are compared, it can be seen, that they become 
parallel in the end. 
After these experiments it has been decided to always add EDTA into the liposome 
solution prior to addition of Hb (or any other reactant) to eliminate the pro-oxidant effect of 
free iron. 
 73 
 
Figure 35: Influence of EDTA added in different stages on the OUR when metHb was 
added as a pro-oxidant (0.62 µM) 
 
The observed effect is in contrast with the results obtained by Grunwald and Richards [8]. 
They found that EDTA had little effect on the overall pattern of Mb-mediated TBARS 
formation. In their study, addition of EDTA did not significantly affect Mb-mediated lipid 
peroxide formation. This contrast can be explained by the different methods used to study 
lipid oxidation and also by the different systems used. Grunwald and Richards studied 
mechanisms of heme protein-mediated lipid oxidation in washed cod muscle. The mechanism 
by which lipid oxidation proceeds in liposomes is probably different compared to that in 
washed cod muscle. Washed cod muscle contains myofibrillar and membrane proteins that 
may provide a docking site for hemin, while liposomes are devoid of protein. Another, and 
probably the most important explanation, might be that in our liposomes, traces of transition 
metals were present because of impurities in chemicals and as a consequence of sonication. 
Grunwald and Richards conclude that the inability of excess EDTA to inhibit Mb-mediated 
lipid oxidation in cooked washed cod suggests that released iron due to heating does not 
stimulate lipid oxidation. This might not be the case when explaining differences in action of 
EDTA with a study of Carvajal et al. [43], who added EDTA to the reaction mixture 
(liposomes) after injection of Hb. They reported no inhibition of the oxidation reaction. The 
oxygen uptake curve is not shown, so maybe the reaction was not run long enough for EDTA 
to exert its function. They concluded that it is not the free low-molecular-weight iron itself 
that promotes heme-mediated lipid oxidation but rather that the whole protein or the heme 
group is the pro-oxidant. Therefore it can be concluded that our results provide additional 
information to the study by Carvajal et al. and the following study of Richards and Li [35]. 
Richards and Li [35] examined effectors and mechanisms of Hb-mediated lipid oxidation. 
They found that approximately 7 % of the iron associated with Hb was released from the 
heme protein during 2 °C storage in washed cod muscle and that EDTA neither accelerated 
nor inhibited Hb-mediated lipid oxidation measured by the formation of lipid peroxides and 
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TBARS. They concluded that the released iron contributed little to Hb-mediated lipid 
oxidation in washed cod muscle. In comparison to our study, Richards and Li utilized washed 
cod muscle which contains proteins that may act as a docking site. EDTA in our experiments 
decreased the oxygen consumption mainly thanks to its chelatation of endogenous transition 
metals which originated in the liposome solution and chelatation of free iron which is stated 
to be present in the metHb powder in amount of 0.25 – 0.35 % [117]. 
Figure 36 shows curves for five tested concentrations of Hb. EDTA was added to the 
liposome solution prior to addition of Hb. 
 
Figure 36: Oxygen consumption of a 1.5% liposome solution; oxidation was catalyzed by 
metHb added in five different amounts (giving 0.16, 0.31, 0.62, 0.93 and 1.24 µM 
concentration in the reaction cell). EDTA was added prior to metHb. Trendlines were 
constructed for each curve 
4.2.5 Thermal denaturation of hemoglobin solution 
In subsequent experiments, the influence of thermal denaturation of Hb on its pro-oxidant 
activity was investigated. The Hb solution was heated in a boiling water bath and used after it 
cooled down. One concentration of added Hb was used (0.62 µM). 
Figure 37 shows the oxygen consumption by a liposome solution; oxidation was catalyzed 
by non-denatured (natural, fresh) and denatured Hb. The denatured Hb acted as a pro-oxidant, 
but was less pro-oxidative than non-denatured Hb. 
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Figure 37: Oxygen consumption of a 1.5% liposome solution; oxidation was catalyzed by 
non-denatured and denatured metHb (0.62 µM) 
 
Figure 38 shows the oxygen consumption by a liposome solution; oxidation was catalyzed 
by non-denaturated and denaturated Hb. EDTA was added prior to Hb. Exponential trendline 
was added to the curves. The k coefficients of both curves were compared. Due to 
denaturation of Hb solution, the oxidation was inhibited by 16 % (see also section 4.2.12 and 
Figure 63, where a summary graph is shown). 
 
Figure 38: Oxygen consumption of a 1.5% liposome solution; oxidation was catalyzed by 
non-denaturated and denaturated metHb (0.62 µM); EDTA was added prior to metHb. The 
exponential trendlines and their equations are shown 
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The cooking temperatures denature the globin and induce the release of hemin reactant. 
Upon denaturation both Mb and Hb can release lipid-soluble hematin, which has been 
reported to promote lipid oxidation [50, 66]. 
The inhibition of oxidation (in comparison with unheated Hb) when heated Hb was used in 
the experiments is in accordance with the results of study by Grunwald and Richards [8], who 
concluded that the extent of lipid oxidation (determined by TBARS formation)  mediated by 
sperm whale Mb appeared to be greater in the unheated washed cod as compared to that in the 
heated washed cod. Heating might rapidly dissociate hemin, which is able to promote lipid 
oxidation, albeit less effectively than the globin chains can deliver hemin into the lipid phase. 
Several researchers have suggested that iron released from heme-proteins during heating is 
a major factor in promoting lipid oxidation in cooked meats [118-120]. However some 
researches believe that iron originating from Mb is not an important promoter in lipid 
oxidation in cooked meat because the cleavage of the porphyrine ring is difficult. In addition 
it has been proposed that the released iron may bind to different compounds such as the 
denatured heme-protein itself or other proteins [121]. 
Berisha et al. [122] showed that heating Mb solution to 100 °C released only 1.42 % of 
iron from horse heart Mb, which suggested that released iron had a small role in the lipid 
oxidation observed. They also observed that heating to 100 °C decreased the prooxidant 
activity as compared with the unheated Mb. 
Kristensen and Andersen [121] studied the effect of heat denaturation on the prooxidative 
activity of metMb. Their results showed that temperatures immediately below thermal 
denaturation of metMb-induced structural changes in the heme protein which subsequently 
increased the prooxidative activity of the molecule. In contrast, temperatures above the 
denaturation temperature of metMb decreased the prooxidative activity of the resulting 
species compared to native metMb, which is consistent with our results. The decrease in 
prooxidative activity was found to be related to hemichrome formation. Moreover, the amount 
of free iron released during heat denaturation of metMb was found to be of an order where it 
would not be expected to play any significant role in lipid peroxidation (coexisting with other 
pro-oxidative species formed during heat denaturation of metMb). 
The decrease in the prooxidative activity of metHb after heating in our experiments is 
similar to results of Bou et al. [67]  who studied the effect of heating oxyMb and metMb on 
the oxidation of muscle microsomes and found out that metMb promoted lipid oxidation in 
both its native and denatured states. The prooxidative activity of metMb increased at 
moderate thermal treatments, but decreased with higher heating temperatures. The reason for 
the decrease in the prooxidant activity (in comparison to native protein) may be the loss of 
protein solubility, which could decrease the ability of the heme groups in oxyMb and metMb 
to interact with microsomes. OxyMb became antioxidative when heated to temperatures 
above 75 °C. This was likely due to a decrease in its prooxidative activity due to loss of 
solubility of oxyMb. In their experiments the solubility of oxyMb and metMb decreased 
dramatically at temperatures above 85 °C, which indicates that the protein denaturates and 
aggregates at these temperatures. However aggregation was not observed in our experiments. 
Pazos et al. [123] found out that the free radical generating-activity of Hb (from rainbow 
trout, cod and herring) was not affected by heating these fish hemoglobins at 70 °C for 10 and 
45 minutes in aqueous solution. This temperature is lower than that in our experiments but the 
time of the treatment is quite long. Thus it can be concluded that in our study the observed 
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prooxidant activity of heated metHb was maintained (although decreased) also due to the free 
radical generating-activity of metHb. 
Another reason why there is not a big difference in the prooxidative activity of metHb in 
our experiments might be, that the metHb has been treated variously because of its production 
and therefore it might be partly denatured in a way. Therefore the degree of denaturation 
caused by the cooking process might not be so significant. 
4.2.6 TPP (triphenylphosphine) 
The reason for utilizing TPP in the experiment was the assumption that metHb needs to be 
activated by H2O2 or lipid peroxides to be an effective prooxidant, therefore the oxidation 
reaction will be dependent on the concentration of pre-existing lipid hydroperoxides. TPP is 
known to break down peroxides to alcohols and has been reported to be an effective 
scavenger of pre-existing lipid peroxides in liposomes [112]. 
Final concentration of TPP in the 1.5% liposome solution was 200 µM. The peroxide value 
of PL2 was found to be 4.9 meq/kg. It has been calculated that TPP is at a 54-fold excess 
compared to peroxides. Such excess is therefore likely to cover the pre-existing peroxides and 
possibly also peroxides formed during sonication. 
The inhibition of oxygen uptake rate was observed in liposomes containing TPP, see 
Figure 39. Compared to the control experiment (liposomes without TPP, 0.62 µM Hb) the 
inhibition was 79 %. Even the OUR in liposomes with higher concentration of Hb (1.24 µM) 
was substantially inhibited - by 92 %. The effect of TPP on metHb-mediated oxidation of 
liposomes is also presented in a summary graph in section 4.2.12. 
 
Figure 39: Changes in concentration of dissolved oxygen in liposome solution with two 
concentrations of metHb (0.62 and 1.24 µM) as the catalyzer. The concentration of TPP was 
200 µM. The exponential trendlines and their equations are shown 
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These results suggest that peroxides take part in the reaction and that the heme-mediated 
lipid oxidation in liposomes is dependent on the presence of pre-existing lipid peroxides, 
which is consistent with outcomes of Carvajal et al. [43]. Mozuraityte et al. [112] studied the 
effect of TPP (added to phospholipids) on Fe2+-catalyzed lipid oxidation in liposomes. They 
determined the effectiveness of TPP in reduction of peroxides in PL (extracted from 
liposomes) by analyzing the peroxide value of PL. They found out there were peroxides 
present in PL and, moreover, peroxides were measured in liposomes prepared with the highest 
concentration of TPP. This can be explained by selective decomposition of peroxides by TPP. 
Other explanation (also for our results) might be that some peroxides are produced during 
sonication. 
It was observed that the background OUR in liposomes treated with TPP was higher than 
that of liposomes without TPP. The reason is probably the fact that TPP undergoes slow 
oxidation during which O2 is consumed to give triphenyphosphine oxide [124]: 
323 22 OPPhOPPh →+  
4.2.7 Ascorbic acid (AsA) 
Ascorbic acid (AsA), or vitamin C, is an important component of living systems and 
is a natural component in various food and food products. It is one of the two water-soluble 
compounds tested in our study. Ascorbic acid acts as a primary or secondary antioxidant. In 
vivo, AsA is a primary antioxidant, whereas in foods it is a multifunctional antioxidant and 
can act by following mechanisms: quenching singlet oxygen, scavenging of oxygen in the 
presence of metal ions, reduction of free radicals and reduction of primary AOX radicals [18]. 
Two concentrations of AsA (25 and 50 µM) and one concentration of Hb (0.62 µM) were 
used in the experiments. When AsA was added to liposomes, a decrease in OUR was 
observed, see Figures 40 and 41.  
 
Figure 40: Changes in concentration of dissolved oxygen in liposome solution with two 
concentrations of AsA (25 and 50 µM). The concentration of metHb (as the prooxidant) was 
0.62 µM. The red curve represents non-inhibited catalysis 
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At the higher concentration of AsA, higher decrease in OUR was observed. The 
consumption of dissolved oxygen decreased linearly after addition of AsA. The inhibition for 
25 µM AsA was 66 %, for the concentration 50 µM AsA, the inhibition was 71 %. The 
observed effect of AsA in our system was antioxidative. 
 
 
Figure 41: Changes in concentration of dissolved oxygen in liposome solution with two 
concentrations of AsA (25 and 50 µM). The concentration of metHb (as the prooxidant) was 
0.62 µM. The exponential trendlines and their equations are shown 
 
AsA can have both antioxidative and prooxidative effects depending on the factors such as 
the presence of LMW metals and lipid hydroperoxides and the concentration of AsA. The 
ability of AsA to inhibit lipid oxidation in our study is attributable to reducing hypervalent 
forms of Hb and scavenging of lipid radicals. Possible prooxidant effects of AsA include the 
ability to reduce Fe3+, therefore maintaining Fe2+ in its reduced state. Prooxidative effects of 
AsA are also dependent on the level of preformed lipid hydroperoxides, which can be 
decomposed by AsA [18, 35]. No prooxidative effects were observed. This was probably 
thanks to chelatation of free iron by EDTA, which was added to liposomes prior to addition of 
AsA and Hb. 
Our findings meet the observations of Richards and Li [35], who examined the effectors 
and mechanisms of Hb-mediated lipid oxidation. The Hb concentration used was 13.3 µM. 
Ascorbate (2.2 mM) was a modest to highly effective inhibitor of Hb-mediated lipid oxidation 
determined by TBARS formation. The inhibition was due to the free radical scavenging 
ability of ascorbate and its ability to reduce hypervalent forms of Hb. However, lower 
concentrations of ascorbate (20 and 200 µM) had a small inhibitory effect. When comparing 
different washed cod preparations, the ability of ascorbate to inhibit Hb-mediated lipid 
oxidation varied. This was due to variation in preformed lipid peroxide content among cod 
fillets used for the preparation of the washed cod muscle. Ascorbate is an effective inhibitor at 
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low levels of preformed lipid hydroperoxides. Thus, the action of AsA is concentration 
dependent. 
Also Maestre et al. [111], who studied the effect of reductants and iron chelators on lipid 
oxidation catalyzed by fish Hb, concluded, that reducing compounds (among them the 
ascorbic acid) had greater capacity to prevent lipid oxidation catalyzed by fish Hb in 
comparison with iron chelators. They suggested that the free radical scavenging and/or 
reduction of ferrylHb species are crucial to avoid the prooxidative activity of fish Hb. 
4.2.8 Caffeic acid (CaA) 
Among the natural substances with antioxidant properties, CaA belonging to 
hydroxycinnamic acids, has attracted attention as a food antioxidant. CaA can be found 
naturally in various agricultural products. 
Caffeic acid was efficient in inhibiting Hb-mediated lipid oxidation in both tested 
concentrations 50 and 100 µM, see Figure 42 and 43. The concentration of Hb was 0.62 µM. 
After addition of CaA to liposomes, a decrease in OUR was observed. The decrease in 
concentration of dissolved oxygen was linear for the tested period. 
The concentration 50 µM inhibited the oxidation by 49 %, the concentration of 100 µM 
caused inhibition by 57 %. 
These observations are consistent with the results of the study by Kristinová et al. [48], 
who studied the antioxidant activity of phenolic acids in Hb-mediated lipid oxidation in 
liposomes. CaA inhibited Hb-mediated oxidation in concentrations above 0.1 µM. At the 
concentration of 0.1 µM it was inactive. The inhibiton ranged from 30 to 57 %. They 
observed no distinctive dependence between the degree of inhibition and the concentration of 
CaA. However, higher concentrations of CaA resulted in better inhibition of oxidation than 
lower concentrations. CaA can protect lipid by scavenging free radicals and chelating 
transition metals. It has been concluded in section 4.2.4 that free iron released from Hb played 
a minor role it the prooxidative activity of Hb, thus the antioxidant effect of CaA can be 
attributed to its ability to scavenge free radicals. 
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Figure 42: Changes in concentration of dissolved oxygen in liposome solution with two 
concentrations of CaA (50 and 100 µM). The concentration of metHb (as the prooxidant) was 
0.62 µM. The red curve represents non-inhibited catalysis. 
 
Figure 43: Changes in concentration of dissolved oxygen in liposome solution with two 
concentrations of CaA (50 and 100 µM). The concentration of metHb (as the prooxidant) was 
0.62 µM. The exponential trendlines and their equations are shown. 
 
The activity of CaA towards Hb-mediated lipid oxidation has been studied in different 
model systems [125] and it has been concluded, that CaA can significantly prevent Hb-
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mediated lipid oxidation in fish muscle foods. However, its activity in food emulsion and 
liposomes is dependent on the pH, the type of emulsifier used and the prooxidants present. 
The molecular structure of hydroxycinnamic acids is a key determinant for their radical 
scavenging and metal chelating abilities. CaA contains a catechol group with α, β,-
unsaturated carboxylic acid chain responsible for the interaction with different radicals. The 
double bond conjugated with the catechol group lead to electron delocalisation, which 
increases the stability of the o-semichinone radical and the AOX activity of CaA. 
Due to the two vicinal hydroxyl groups CaA is one of the most active compounds among 
hydroxycinnamic acids. Pino et al. [96] evaluated the capacity of hydroxycinnamic acid 
derivatives to trap peroxyl radicals. They conclude that the reactivity of the compound is 
determined by the bond dissociation energy of the hydrogen atom of the phenolic moiety. 
However, their experiments were performed in solution of the tested cinnamic acids in 
phosphate buffer. 
Phenolic compounds are capable of binding to proteins by noncovalent bonds [126]. 
Carlsen et al. [127] studied the kinetics of reduction of iron(IV) in ferrylMb by chlorogenate 
(derivative of chlorogenic acid) and reported that binding of chlorogenate to the reactive 
ferrylMb results in reduction of the oxoferryl moiety to ferric iron (Fe3+). This can also be the 
explanation for the inhibitory effect of CaA in the Hb-mediated lipid oxidation in liposomes. 
Kristinová et al. [48] assumed that CaA in the aqueous phase of the liposome solution can 
enter the heme crevice of Hb and/or bind to ferrylHb reducing the oxoferryl moiety to metHb. 
Another characteristics that has to be taken into account is the polarity of the phenolic 
molecule, because it influences the location of the phenolic molecule in the lipid system. In 
emulsion systems, the affinity of the antioxidant towards the interface, is a key parameter. 
The affinity is dependent on pH. According to Mozuraityte et al. [115] the zeta potential of 
cod roe liposomes at pH 5.5 is negative. Although the zeta potential is not the same as surface 
charge, it can be considered giving information about the net charge of the particles. At pH 
5.5, CaA is an anion. Therefore there is probably a repulsion of CaA into the aqueous phase 
by the negatively charged liposomes, and the amount of CaA molecules available for radical 
scavenging is decreased in the bilayer [11, 48, 115]. 
Pazos et al. [94] tested natural phenolics in their inhibition of Hb- and iron-promoted 
oxidation in fish microsomes. They stated that the inhibitory efficiency of phenolics was 
related to their polarity, affinity for being incorporated into the microsomes, reducing 
capacity, chelating activity, and inhibitory activity against Hb autoxidation. However, 
according to their results, they stressed the importance of incorporating the exogenous AOXs 
into the membranes were the key substances for lipid oxidation are located. Phenolic 
compounds were not effective at inhibiting autoxidation of Hb. However, for comparison to 
our study, their results might be misleading in a way, because microsomes contain iron-
reducing enzymatic system and endogenous α-tocopherol. For this model system, a more 
efficient inhibition of lipid oxidation can be reached when phenolics are introduced into the 
membranes, where the chain-propagating lipid radicals and ferrous-generating enzymatic 
systems are present. This greater inhibition occurs due to the fact that endogenous α-
tocopherol can be regenerated by phenolics. 
We assume that the reducing ability of CaA and, in a lesser degree, radical scavenging 
ability, are responsible for the observed inhibition of Hb-mediated lipid oxidation in 
liposomes. CaA is more likely to be present in the aqueous phase, which is also the location 
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of Hb, therefore the interaction of CaA with Hb is probably more important than its 
interaction with free radicals. 
4.2.9 Astaxanthin 
Carotenoids (among them also astaxanthin) are excellent singlet oxygen quenchers as well 
as lipid peroxidation chain-breakers. This ability is generally attributed to the activity of 
polyene chain and increases with increasing number of conjugated double bonds along the 
polyene chain. The linear, long-chain polyene structure is typical for carotenoids. In this 
conjugated system, the electrons are delocalized or shared evenly in the whole chain [18, 90, 
92]. 
Two concentrations of astaxanthin were tested in our study: 0.1 % and 1.0 %. Astaxanthin 
was added to phospholipids before preparation of liposomes. Two concentrations of Hb were 
applied: 0.62 and 0.93 µM. Also reaction without the presence of light was carried out (for 
0.62 µM Hb concentration). Figures 44 and 47 show curves from all the experiments using 
0.1 % of astaxanthin in PL and 1.0 % of astaxanthin in PL, respectively.  
 
 
Figure 44: Oxygen consumption by a liposome solution made from PL containing 0.1 % 
astaxanthin. The oxidation was catalyzed by 0.62 and 0.93 µM metHb. The red and grey 
curves represent non-inhibited reactions 
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Figure 45: Oxygen consumption by a liposome solution made from PL containing 0.1 % of 
astaxanthin. The oxidation was catalyzed by 0.62 µM metHb. The grey curve represents the 
same reaction, but without the presence of light. Exponential trendlines and their equations 
are shown 
 
 
 
Figure 46: Oxygen consumption by a liposome solution made from PL containing 0.1 % of 
astaxanthin. The oxidation was catalyzed by 0.93 µM metHb. The green curve is non-
inhibited reaction. Exponential trendlines and their equations are shown 
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Figure 47: Oxygen consumption by a liposome solution made from PL containing 1.0 % of 
astaxanthin. The oxidation was catalyzed by 0.62 and 0.93 µM metHb. The red and orange 
curves represent non-inhibited reactions (for 0.62 and 0.93 µM Hb, respectively) 
 
 
Figure 48: Oxygen consumption by a liposome solution made from PL containing 1.0 % of 
astaxanthin. The oxidation was catalyzed by 0.62 and 0.93 µM metHb. The brown curve is a 
control experiment (non-inhibited reaction in the absence of light) for experiments without 
light. Exponential trendlines and their equations are shown 
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In Figure 48, the brown curve represents non-inhibited reaction run in the absence of light. 
This curve and its k value serve as the control for the other experiments run without light. 
 
For the lower concentration of Hb (0.62 µM) the addition of 0.1 % of astaxanthin did not 
have any effect on the OUR of the liposome solution (see Figure 45). For 0.93 µM 
concentration of Hb, this concentration of astaxanthin inhibited the OUR by 13.3 % (see 
Figure 46). The effect of astaxanthin was therefore concentration dependent. No effect was 
observed for the reaction run in the absence of light catalyzed by 0.62 µM Hb in liposomes 
containing 0.1 % of astaxanthin. 
 
For the lower concentration of Hb (0.62 µM) the addition of 1.0 % of astaxanthin in PL 
resulted in decrease in the OUR by 50 % (see Figure 48). For 0.93 µM concentration of Hb, 
this concentration of astaxanthin inhibited the OUR by 57.4 % (see Figure 48). The OUR of 
the reaction run in the absence of light catalyzed by 0.62 µM Hb in liposomes containing 
1.0 % of astaxanthin was decreased by 39.3 % (compared to reaction with the same 
concentration of Hb, without astaxanthin, in the absence of light), see Figure 48. 
Hb is known to be a photosensitizer of lipid oxidation and can form singlet oxygen. The 
effect of light is presented in section 4.2.12. The observed inhibition of OUR of the liposome 
solution in the reaction run in the absence of light was 21 %. Therefore, the antioxidative 
activity of astaxanthin can be partly attributed to its singlet oxygen quenching ability. 
Carvajal et al. [43] added 5.4 and 54 µM astaxanthin to the phospholipids and observed 
inhibition of lipid oxidation rate by 25.5 % and 62.2 %, respectively. They used a final 
concentration of 1.55 µM Hb in the experiments. Carvajal et al. found out that light did not 
have any significant effect on lipid oxidation, therefore they concluded that it is more likely 
that the formation of free radicals is the primary reaction leading to lipid oxidation. 
In our study, we also conclude that free radicals scavenging is the primary antioxidant 
ability of astaxanthin in our system. 
As described in part 2.4.3.2, carotenoids seem to scavenge peroxy radicals by a mechanism 
in which the radical is added to the conjugated polyene system. The resulting carbon-centered 
radical is stabilized by resonance. When the oxygen concentration is low, a second peroxy 
radical can be added to the carbon-centered radical and a nonradical polar product is formed. 
However, at high oxygen pressures, carotenoids become prooxidants, because oxygen can be 
added to the carbon-centered radical in a reversible reaction resulting in an unstable chain-
carrying peroxyl radical. This radical can be degraded to radicals and non-radical polar 
products, resulting in no net inhibition of oxidation [90]. This might be the explanation why 
no effect was observed at 0.1 % astaxanthin in PL. The concentrations of both astaxanthin and 
Hb were probably too low in comparison with oxygen concentration, so that no effect on 
OUR was observed. 
Jørgensen and Skibsted [90] who studied carotenoid scavenging of radicals using two 
different systems. One of the systems used metMb as the free-radical initiator in a 
heterogenous lipid/water system. For this system they found out that each of the four 
carotenoids astaxanthin, β-carotene, canthaxanthin, and zeaxanthin protects the methyl esters 
against oxidation. Their antioxidative effect increased with increasing carotenoid 
concentration, increased with decreasing oxygen partial pressure and was found to be only 
little dependent on the structure of the carotenoid. They suggest that carotenoids might have a 
special importance as alkoxyl radical scavengers in biological systems. In living cells 
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carotenoids are associated with the cell membrane, and it has been proposed that carotenoids 
are oriented perpendicular to the plane of the lipid bilayer. They also say that the balance 
between hydrophilic groups and the hydrophobic polyene chain is an important factor for 
incorporation in the bilayer. The hydroxy and carbonyl groups in the cyclohexenyl group (as 
in astaxanthin) facilitate embedding of the carotenoid at the water/lipid interface. They 
suggest a mechanism for the antioxidant function of carotenoids in cell membranes (see 
Figure 49). Astaxanthin traps an alkoxyl radical in the central hydrophobic region of the 
bilayer and the polyene structure „transports“ the unpaired electron to the lipid-water 
interface, where the astaxanthin radical reacts with a water soluble reductant (e. g. ascorbic 
acid). They also state that a hydroxy group in the 3-position provides further stabilisation by 
intermolecular hydrogen bonding to the aqueous phase and by intramolecular hydrogen 
bonding to the carbonyl oxygen. 
Similar outcomes can be seen in study of Goto et al. [91] who examined the effects of β-
carotene and astaxanthin on the peroxidation of phospholipid liposomes induced by ADP and 
Fe2+. They found out that astaxanthin was about 2-fold more effective than β-carotene. They 
suggested that the conjugated polyene moiety and the terminal ring moieties of the more 
potent astaxanthin trapped radicals in the membrane and both in the membrane and at the 
membrane surface, respectively. Only the conjugated polyene chain of β-carotene was 
responsible for radical trapping near the membrane surface and in the interior of the 
membrane. They also suggested that intramolecular hydrogen bonding is readily formed in 
astaxanthin. Thanks to equivalent amounts of the hydrophobic intramolecular hydrogen-
bonded ring and intermolecular hydrogen bonding with polar heads of PL, and the 
interconversion between the two hydrogen bond formations, the terminal ring of astaxanthin 
can scavenge radicals both at the surface and in the interior of the PL membrane (see Figure 
50). 
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Figure 49: Suggested mechanism for trapping of alkoxyl radical by astaxanthin in the 
central hydrophobic region of a cell membrane, followed by „transport“ of the unpaired 
electrion by the conjugated system to the lipid-water interface, where astaxanthin radicals 
reacts with an ascorbate anion [90] 
 
 
Figure 50: Schematic representation of the possible locations of astaxanthin molecules 
having inter- and intramolecular hydrogen bonds in the PL membrane [91] 
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4.2.10 α- tocopherol, δ-tocopherol 
Tocopherols can act as antioxidants by scavenging free radicals, scavenging singlet oxygen 
and by complexation of iron in the presence of ascorbate. Tocopherols scavenge free radicals 
by donating hydrogen atom to alkyl, alkoxy and peroxy radicals of lipids. 
Two concentrations of α- and δ-tocopherols were tested in our study: 0.1 % and 1.0 %. 
Tocopherol was added to phospholipids before preparation of liposomes. For the 0.1 % of 
tocopherol, only one concentration of Hb was used: 0.62 µM. 
For the 1.0 % of tocopherol in PL, two concentrations of Hb were applied: 0.62 and 
0.93 µM. Reactions without the presence of light were carried out for both tocopherols and 
for 0.62 µM Hb concentration. 
For the lower concentration of α-tocopherol and δ-tocopherol, the OUR was inhibited by 
49 % and 13 %, respectively (see Figures 51 and 52). 
For the higher concentration of α-tocopherol, the OUR of liposomes with added 0.62µM 
Hb and 0.93µM Hb was inhibited by 70 % and 77 %, respectively (see Figures 53 - 56). The 
OUR of liposomes in the reaction run in the absence of light, containing 1.0 % of α-
tocopherol and 0.62 µM Hb was inhibited by 50 %, see Figures 57 and 58. This inhibition is 
lower than that of the reaction in the presence of light (69.6 %). 
For the higher concentration of δ-tocopherol, the OUR of liposomes with added 0.62µM 
Hb and 0.93µM Hb was inhibited by 85 % and 90 %, respectively (see Figures 53 - 56). The 
OUR of liposomes in the reaction run in the absence of light, containing 1.0 % of δ-
tocopherol and 0.62 µM Hb was inhibited by 87 %, see Figures 57 and 58. Unlike α-
tocopherol, here the inhibition of oxidation was almost the same for reactions in the presence 
of light and without light. 
 
Figure 51: Effect of 0.1 % of α- and δ-tocopherols on lipid oxidation induced by metHb 
(0.62 µM). The red curve represents control experiment (without AOX) 
 
It can be summarized that (except for the reactions utilising 0.1 % of tocopherols) for the 
concentration 1.0 % of tocopherols, δ-tocopherol was more efficient antioxidant in inhibiting 
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Hb-mediated lipid oxidation in liposomes than α-tocopherol. Both tocopherols acted as 
antioxidants. 
 
Figure 52: Effect of 0.1 % of α- and δ-tocopherols on lipid oxidation induced by metHb 
(0.62 µM). The exponential trendlines and their equations are shown 
 
 
Figure 53: Effect of 1.0 % of α- and δ-tocopherols on lipid oxidation induced by metHb 
(0.62 µM). The red curve represents control experiment (without AOX) 
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Figure 54: Effect of 1.0 % of α- and δ-tocopherols on lipid oxidation induced by metHb 
(0.62 µM). The exponential trendlines and their equations are shown 
 
 
 
Figure 55: Effect of 1.0 % of α- and δ-tocopherols on lipid oxidation induced by metHb 
(0.93 µM). The red curve represents control experiment (without AOX) 
 
 
 92 
 
Figure 56: Effect of 1.0 % of α- and δ-tocopherol on lipid oxidation induced by metHb 
(0.93 µM). The exponential trendlines and their equations are shown 
 
 
Figure 57: Effect of tocopherols on lipid oxidation of liposomes containing 1.0 % of α- 
and δ-tocopherol. The oxidation was induced by metHb (0.62 µM). The reaction was run in 
the absence of light. The red curve represents control experiment (without AOX, without 
light) 
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Figure 58: Effect of tocopherols on lipid oxidation of liposomes containing 1.0 % of α- 
and δ-tocopherol. The oxidation was induced by metHb (0.62 µM). The reaction was run in 
the absence of light. The exponential trendlines and their equations are shown 
 
Carvajal et al. [43] examined the effect of α-tocopherol on lipid oxidation initiated by 
bovine Hb and observed a significant inhibitory effect for both concentrations of α-tocopherol 
(5.4 and 54 µM). They concluded that the inhibition effect was due to radical scavenging by 
α-tocopherol. 
Yin and Cheng [128] studied OxyMb and lipid oxidation in phosphatidylcholine liposomes 
and reported that 10 µM α-tocopherol delayed both lipid and oxyMb oxidations. They 
hypothesized that α-tocopherol retarded lipid oxidation directly, and oxyMb oxidation 
indirectly. In our study we used metHb (not oxyHb) therefore there is only agreement with the 
inhibitory effect of α-tocopherol on lipid oxidation directly. 
Yoshida et al. [129] studied the oxidation of soybean phosphatidylcholine (PC) liposomes 
and low density lipoprotein in aqueous dispersion induced by hemolysate and metHb. They 
examined the effect of pentamethylchromanol (PMC), a vitamine E analogue. The oxidation 
was suppressed by the addition of PCM into the liposomal membrane. They also found out 
that when the phosphatidylcholine was treated beforehead with ebselen (which decomposes 
hydroperoxides), the oxidation did not proceed. These data suggest that the initiation reaction 
of the oxidation of the PC liposomes induced by hemolysate and metHb takes place by 
radicals which are produced in the reaction between hydroperoxides in liposomes and the 
heme protein species. These results indicate that tocopherols inhibit lipid oxidation in 
liposomes by radical scavenging. Part of the antioxidant activity might be attributed to singlet 
oxygen quenching, as some effect of light has been observed in our experiments. However, 
the possibility to incorporate this lipid-soluble AOX in the liposome membrane (where it 
scavenges free radicals) favours the explanation by the radical scavenging ability of 
tocopherols. 
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The observation, that for the concentration 1.0 % of tocopherols, δ-tocopherol was more 
efficient antioxidant in inhibiting Hb-mediated lipid oxidation in liposomes than α-
tocopherol, can be explained by the different antioxidant activity of TOH among the isomers 
(see part 2.4.3.4). In vivo, the relative antioxidant activity of tocopherols decreases in the 
order α-TOH > β-TOH > γ-TOH > δ-TOH. The presence of more methyl substituents in the 
phenolic ring of the tocopherol does not only enhance its antioxidants activity, but also 
increases its lipophilic properties, making the α-homologue the most soluble tocopherol in 
lipid substrates [99]. However, in foods the antioxidant activity of tocopherols is reverse: δ-
TOH > γ-TOH > β-TOH > α-TOH, and this is in agreement with our observations. Generally, 
δ-TOH has the highest free radical-scavenging activity. While the in vitro antioxidant activity 
is highly dependent on the varying physical states and chemical compositions of the in vitro 
models (systems), the in vivo vitamin E activity seems to be highly related to the lipophilicity 
of the vitaminer. The described differences between the in vitro and in vivo systems also may 
be due to differences in the relative importance of lipid oxidation mechanisms (radical 
scavenging and singlet oxygen quenching). 
4.2.11 Ascorbyl palmitate 
Ascorbyl palmitate (AP) is a fat-soluble analogue of ascorbic acid. AP acts as oxygen 
quencher and a reductant and has been shown to be an effective singlet oxygen quencher [18, 
86]. 
Two concentrations of ascorbyl palmitate were tested in our study: 0.1 % and 1.0 %. AP 
was added to phospholipids before preparation of liposomes. For both concentrations of AP, 
two concentration of Hb were used: 0.62 and 0.93 µM. 
For the lower concentration of AP, a prooxidative effect was observed. The OUR of 
liposomes with added 0.62µM Hb and 0.93µM Hb increased by 12 % and 9 %, respectively 
(see Figures 59 and 60). 
However, for the higher concentration of AP (1.0 %), an antioxidative effect was observed. 
The OUR of liposomes with added 0.62µM Hb and 0.93µM Hb decreased by 86.0 % and 
90.2 %, respectively, see Figures 61 and 62. 
The prooxidative effect at the low concentration can be explained by the action of ascorbyl 
radical - Hamilton et al. [130] studied effects of tocopherols, ascorbyl palmitate, and lecithin 
on autoxidation of fish oil for single antioxidants, binary, and ternary mixtures. They 
observed a slight prooxidative effect when ascorbyl palmitate was used alone at a 
concentration 0.1 %. They suggested that ascorbyl palmitate, or more precisely the ascorbyl 
radical, could promote hydroperoxide scissions. 
Different results are presented by Let et al. [131], who investigated the ability of γ-
tocopherol, EDTA, and ascorbyl palmitate to protect fish oil enriched salad dressing against 
oxidation during a 6 week storage period at room temperature. They observed prooxidant 
effects with a high concentration of ascorbyl palmitate (300 µg/g of fish oil), whereas a low 
concentration was slightly antioxidative (50 µg/g of fish oil). 
As the absence of light decreased the OUR in our study by 21 %, a possible explanation of 
the antioxidative effect of AP is its singlet oxygen quenching ability. Lee et al. [86] 
investigated quenching mechanisms and kinetics of ascorbyl palmitate for the reduction of the 
photosensitized oxidation of oils and found out that AP was extremely effective at minimizing 
both methylene-blue- and chlorophyll-sensitized photooxidations of linoleic acid and soybean 
oil, and its effectiveness was concentration-dependent. 
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Figure 59: Effect of 0.1 % of ascorbyl palmitate on lipid oxidation induced by metHb (0.62 
and 0.93 µM). The red and orange curves represent control experiments (without AOX) 
 
 
Figure 60: Effect of 0.1 % of ascorbyl palmitate on lipid oxidation induced by metHb (0.62 
and 0.93 µM). The exponential trendlines and their equations are shown 
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Figure 61: Effect of 1.0 % of ascorbyl palmitate on lipid oxidation induced by metHb (0.62 
and 0.93 µM). The red and orange curves represent control experiments (without AOX) 
 
 
Figure 62: Effect of 1.0 % of ascorbyl palmitate on lipid oxidation induced by metHb (0.62 
and 0.93 µM). The exponential trendlines and their equations are shown 
 
4.2.12 Experiments without the presence of light 
To study the the role of hemoglobin as a photosensitizer and therefore the influence of 
singlet oxygen on oxidation of marine liposomes, several experiments without the presence of 
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light were carried out. The reaction cells were covered with aluminium foil during the 
reactions. The individual experiments are specified in the individual sections above. Here, the 
overall effect of the absence of light on metHb-mediated oxidation of liposomes is presented. 
It was found out, that the absence of light resulted in inhibition of the OUR of liposomes. The 
decrease in OUR was 21 %, see Figure 63. 
 
 
Figure 63: Effect of thermal treatment, TPP and absence of light on the prooxidant 
activity of metHb (0.62 µM) 
 
Mb and Hb are known to act as photosensitizers of lipid oxidation on meat. They possess 
the ability to absorb energy from light. This energy is then transferred to triplet oxygen to 
form singlet oxygen, which can then react with fatty acids, thus initiating lipid oxidation [54]. 
As a decrease in OUR of liposomes in the absence of light was observed in our experiments, 
it can be conluded, that a smaller part of the prooxidative activity of metHb is attributed to the 
photosensitizing properties of metHb. 
These results are not in agreement with the results reported by Carvajal et al. [43] who 
found out that there was no significant difference in OUR of liposomes (with metHb as the 
prooxidant) between the reaction performed with and without light. Their explanation was 
that most of the Hb used for the experiments was in the oxidized state, thereby leading to a 
low formation of singlet oxygen. 
Generally, porhyrins are known to act as photosensitizers [54]. On the other hand, 
according to King [132] both Mb and oxyMb have the ability to absorb light energy, resulting 
in the formation of metMb through a photooxidative reaction. Whang and Peng [133] reported 
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that peroxide values for pork and turkey meat exposed to light were significantly higher than 
those stored in the dark. They also found that myoglobin and its derivatives functioned as 
photosensitizers in model systems for the formation of singlet oxygen. Therefore is it not 
clear which forms of heme proteins can act as photosensitizers. The dissagreement between 
our results and the results of Carvajal et al. [43] can be explained by different processing of 
the data. 
4.2.13 Reaction with hydrogen peroxide (H2O2) 
The reaction of metHb with H2O2 leads to formation of hypervalent iron species 
(perferrylhemoglobin and ferrylhemoglobin). Perferrylhemoglobin rapidly transforms to 
ferryl hemoglobin, which is an initiator of lipid oxidation [55, 134]. 
Before the experiments of metHb with H2O2 in liposomes, several control experiments 
without metHb were carried out to check if single H2O2 or EDTA with H2O2 influence the 
oxidation of liposomes. In the first expriment, only H2O2 working solution was present in the 
cell, oxygen was removed by bubbling the solution with N2. It was observed that the oxygen 
concentration did not increase, which indicates that H2O2 is not decomposed to H2O and O2, 
see dark blue curve in Figure 64. No effect on oxidation of liposomes was observed in the 
presence of 10 µL or 40 µL of H2O2 alone, see the light blue and pink curves in Figure 64. No 
effect on oxidation of liposomes was observed in the presence of 30 µL of EDTA and 10 µL 
of H2O2, no effect was observed in the presence of 30 µL of EDTA and 40 µL of H2O2, see 
the red and green curves in Figure 64. Actually, the expected decrease in the background 
OUR of liposomes was observed after addition of EDTA. 
In the first experiment, 30 µL of EDTA was added to liposomes and later, 40 µL of H2O2 
was added and then 40 µL of metHb solution (corresponding to 0.62 µM concentration of 
metHb in the raction mixture) was added to the reaction mixture. These amounts of metHb 
and H2O2 correspond to the ratio between heme groups and H2O2 1:1. In the second 
experiment, the reactants were added in the same order, only the amount of H2O2 was 
different: 10 µL. These amounts correspond to the ratio between heme groups and H2O2 4:1 
(i.e. heme protein to H2O2 ratio is 1:1). 
In the second set of experiments, the same amounts of reactants were used except H2O2. 
Only one concentration of H2O2 was used: 40 µL. The appropriate amounts of metHb solution 
and H2O2 solution were mixed before and this mixture was then added to liposomes 
containing EDTA. The moments of addition were: 1 minute and 10 minutes after mixing the 
solutions. 
The resulting curves are shown in Figures 65 and 66. No significant effect of hydrogen 
peroxide on the OUR of liposomes was observed. 
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Figure 64: Control experiments for experiments with H2O2 
 
 
Figure 65: The effect of hydrogen peroxide on the OUR of metHb-mediated oxidation of 
liposomes. The exponential trendlines are shown. H2O2 and metHb were added separately to 
liposomes 
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Figure 66: The effect of hydrogen peroxide on the OUR of metHb-mediated oxidation of 
liposomes. The exponential trendlines are shown. H2O2 and metHb were mixed before and 
then added to the reaction mixture 
 
Our results are not in agreement with findings in literature about the reaction of metHb 
with H2O2. Kanner and Harel [55] studied the interaction of H2O2 with metMb and found out 
that this reaction led very rapidly to generation of an active species which could initiate lipid 
peroxidation. Their results show that maximum initiation by activated metMb accured 10 –
 30 s after addition of H2O2. They also found out that the activity of the activated metMb 
decreased rapidly to 50 % during the first 10 minutes, but this level of activity remained 
stable for more than 30 min. They found out, that small amounts of H2O2 (1 – 10 µM) could 
activate metMb for a significant oxidation. MetHb was also found to be activated by H2O2 
and to initiate lipid peroxidation. In experiments with metHb they found out that the 
maximum was reached at the concentration 5 – 7 µM, with a rapid decline with further 
increase of metHb concentration (see Figure 67). As the metHb molecule contains four heme 
groups, they suggested it seems that the prooxidant effect is obtained when the ratio between 
heme groups and H2O2 is almost 1:1. Maximum oxygen absorption was found during 
incubation of activated metMb with 30 - 40 µM H2O2. 
King and Winfield [135] studied the oxidation by H2O2 of horse heart metMb in the pH 
range from 6 to 8. At the lower pH a high proportion of the metMb was in a free radical state 
a few seconds after H2O2 was added. The ferryl Mb reverts to the ferric state. They found out 
that at least eight oxidations can occur before the hemoprotein loses its reactivity toward 
H2O2. After one or two oxidation-reduction cycles the metMb is modified and is noticeably 
slower to react with H2O2 and faster to return to the ferric state. They recorded isosbestic 
points in the spectra of a mixture of metMb and H2O2 and found evidence for the extensive 
formation of modified metMb during an oxidation-reduction cycle – the absorption curve for 
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metMb does not pass the four isosbestic points of the reaction mixture, observed several 
minutes after addition of H2O2.  
 
Figure 67: Membranal lipid peroxidation by activated metHb with H2O2 (30 µM) [55] 
  
A possible explanation for the disagreements is the state of our metHb. As has been 
mentioned in section 4.2.5, the metHb that we use has been treated variously because of its 
production a therefore might be denatured to some extent. It is likely that the main 
prooxidative activity of our metHb was the decomposition of preformed lipid hydroperoxides, 
which generates free radicals, and the oxidation of liposomes proceeds. Thereby the effect of 
H2O2 might be hidden. The reaction of metHb with peroxides also yields ferrylhemoglobin 
(Fe4+=O). 
4.2.14 Absorption curve of metHb 
The absorption spectra of the Hb solution were scanned to check, which form of Hb we 
work with. The absorption scan was performed in the 450 – 650 nm wavelength range at 
room temperature (see Figure 68). The spectra were compared with measurement by Olsen 
and Elvevoll [136] (see Figures 69 and 70) and it was found out that our hemoglobin is in the 
form of methemoglobin. 
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Figure 68: Absorption curve of bovine metHb (the upper curve) 
 
 
Figure 69: The absorption curve of Atlantic cod metHb [136] 
 
 
Figure 70: Absorption curves of the four common Hb derivatives of Atlantic cod (OHb 
stands for oxyHb, COHb stands for carboxyHb, HHb stands for deoxyHb) [136] 
 103 
5 CONCLUSION 
The kinetics of lipid oxidation catalyzed by bovine methemoglobin and the antioxidant 
capacity of different compounds were studied in a liposome model system. The effects of 
temperature (thermal denaturation), light, TPP and H2O2 on the prooxidant activity of metHb 
were also evaluated. 
EDTA, an iron chelator, was added to the liposome solution before any other reactant in all 
the experiments. EDTA decreased the background OUR of liposomes due to its chelating 
function, because liposomes contained endogenous transition metals and the methemoglobin 
solution contained free iron. EDTA therefore eliminated the prooxidant effect of free iron. 
When metHb was added to liposomes, the fastest decrease in OUR was observed shortly after 
metHb addition and then the OUR decreased slowly. As the OUR decreased slowly even after 
replenishing the dissolved oxygen in the liposome solution, it can be suggested that metHb is 
a reactant in this reaction rather than a catalyst or a prooxidant, because it seems that metHb is 
consumed during the reaction. 
It has been concluded that the free iron released from metHb contributed little to metHb-
mediated lipid oxidation in liposomes. 
The type of prooxidant and the concentration of both prooxidant and antioxidants are 
important factors in evaluation of the antioxidant activity.  
It was found out, that the absence of light resulted in inhibition of the OUR of liposomes. 
The decrease in OUR was 21 %. Therefore, metHb acted as a photosensitizer forming singlet 
oxygen, and the antioxidative activity of astaxanthin, ascorbyl palmitate, and tocopherol can 
be partly attributed to their singlet oxygen quenching ability. 
However, the main prooxidative mechanisms of metHb are suggested to be decomposition 
of lipid hydroperoxides, generating free radicals, and formation of hypervalent forms of Hb. 
The efficiency of the antioxidants increased with their increasing concentration. All the 
antioxidants exhibited antioxidative activity in the higher concentration. 0.1 % of astaxanthin 
had no effect on the oxidation of liposomes. 0.1 % of ascorbyl palmitate (AP) had a 
prooxidative effect which can be explained by the prooxidative action of ascorbyl radical, 
which could promote hydroperoxide scission.  
The antioxidative effect of AP can be explained by is its singlet oxygen quenching ability 
and its role as a reductant. The reduction of hypervalent forms of Hb seems to be a very 
important antioxidant mechanism. Besides ascorbyl palmitate, this is also the case for 
ascorbic acid (AsA) and caffeic acid (CaA). These water-soluble AOX exhibited antioxidative 
activity in both tested concentrations. However, AsA was more efficient than CaA. The 
ability of AsA and CaA to inhibit metHb-mediated lipid oxidation is also attributable to 
scavenging of lipid radicals. CaA in the aqueous phase of the liposome solution can enter the 
heme crevice of Hb and/or bind to ferrylHb reducing the oxoferryl moiety to metHb. Due to 
the two vicinal hydroxyl groups CaA is an active antioxidative compound. Our results 
indicate that tocopherols inhibit lipid oxidation in liposomes mainly by radical scavenging. 
Part of the antioxidant activity is attributed to singlet oxygen quenching. Free radicals 
scavenging is the primary antioxidant ability of astaxanthin in our system. Astaxanthin is a 
very potent antioxidant. The conjugated polyene moiety and the terminal ring moieties of 
astaxanthin probably trap radicals in the membrane and both in the membrane and at the 
membrane surface, respectively. 
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No significant effect of hydrogen peroxide on the OUR of liposomes was observed. 
However, it was expected that H2O2 could activate metMb for a significant oxidation. 
Probably the lipid hydroperoxides decomposition is a more important prooxidant mechanism 
of metHb in our system. 
The influence of thermal denaturation of metHb on its pro-oxidant activity was 
investigated. Due to thermal treatment of metHb solution, the oxidation was inhibited by 
16 %. The reason for the decrease in the prooxidant activity may be the loss of protein 
solubility. As the metHb has been treated variously because of its production, it might be 
partly denatured in a way. Therefore the degree of denaturation caused by the thermal 
treatment might not be so significant. 
A significant inhibition of oxygen uptake rate was observed in liposomes containing TPP 
(triphenylphosphine). TPP is known to break down peroxides to alcohols. These results 
suggest that lipid peroxides take part in the oxidation reaction and that the heme-mediated 
lipid oxidation in liposomes is dependent on the presence of pre-existing lipid peroxides. 
The mechanism of Hb-induced lipid oxidation is very complex. Also the evaluation of 
efficiency of different antioxidants is a very complex issue, even when a simplified model 
system is used for the study of lipid oxidation. Further investigations are needed to determine 
the antioxidant efficacy, mainly with focus on natural antioxidants for the use in food 
products. 
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7 LIST OF ABBREVIATIONS 
 
A• antioxidant radical 
ABTS 2-azino-bis(3-ethylbenzthiazoline-6-sulfonate) 
AOX antioxidant 
AAPH 2,2´-azobis-2-methyl-propanimidamide, dihydrochloride 
AsA ascorbic acid 
AV p-anisidine value 
Å angstrom 
BDE bond dissociation enthalpy 
CaA caffeic acid 
CVD cardiovascular disease 
DAG diacylglycerol 
DHA docosahexaenoic acid 
EDTA ethylenediamine tetraacetic acid 
EPA eicosapentaenoic acid 
FAME fatty acid methyl ester 
FID flame ionization detector 
FRS free radical scavenger 
GC gas chromatography 
GRAS Generally Recognized as Safe 
HAT hydrogen-atom transfer 
Hb hemoglobin 
HO• hydroxy radical 
HOO• hydroperoxy radical 
IDF International Dairy Federation 
L• lipid alkyl radical 
LC-PUFA long-chain polyunsaturated fatty acid 
LDL low-density-lipoprotein 
LMW low molecular weight 
LO• lipid alkoxy radical 
LOO• lipid peroxy radical 
LOOH lipid hydroperoxide 
MAG monoacylglycerol 
Mb myoglobin 
meq milliequivalents 
MES 2-morpholinoethanesulfonic acid 
O2•- superoxide anion radical 
OPPh3 triphenyphosphine oxide 
OUR oxygen uptake rate 
PC phosphatidylcholine 
pI isoelectric point 
PL phospholipids 
PPh3 triphenyphosphine 
PV peroxide value 
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ROS reactive oxygen species 
SET single-electron transfer 
SM sphingomyelin 
TAG triacylglycerol 
TBARS thiobarbituric acid reactive substances 
TEP 1,1,3,3-tetraethoxypropane 
TLC thin layer chromatography 
TO• tocopheroxy radical 
TOH tocopherol 
TOTOX total oxidation value 
TPP triphenylphosphine 
 
 
